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Summary
The p rim ary  aim o f th e  work d e sc rib e d  in  t h i s  th e s i s  was to  
examine t h e o r e t i c a l l y  th e  in te r a c t io n  o f  an e le c tro n  beam w ith  com m ercially  
a v a i la b le  : s i l i c o n  dev ices  ,; o r ig in a l ly  in ten d ed  as avalanche p h o to d io d es  s 
and in v e s t ig a te  e x p e rim en ta lly  th e  p o s s ib le  a p p l ic a t io n  o f  th e se  
pho tod iodes as e lec tron-bom barded  sem iconductor t a r g e t s .
T h e o re tic a l ly  th e  e x p re ss io n s  fo r  s t a t i c  and tim e-dependen t 
c u r re n t g a in s  in  s i l i c o n  avalanche pho tod iodes under e le c tro n  bombardment 
were d e riv e d  from  s o lu tio n s  o f th e  d if fu s io n  eq u a tio n  and boundary 
c o n d itio n s . These e x p re ss io n s  have been p re se n te d  a ls o  f o r  e s tim a tin g  
frequency  l im i ta t io n s  o f  th e se  avalanche photodiode t a r g e t s .  The 
l im i t in g  f a c to r  o f th e  h igh  frequency  response  i s  shown to  be l im i te d  
by th e  n c o n ta c t la y e r  th ic k n e s s . The c u rre n t wave forms induced  in  
th e  e x te rn a l  c i r c u i t  due to  i n i t i a l  bombarding e le c tro n s  have been 
d e riv e d  and computed.
Using c a p a c ita n c e -v o lta g e  curves m easured a t  s e v e ra l  f re q u e n c ie s , 
th e  c h a r a c te r i s t i c s  o f  a number o f  s i l i c o n  avalanche p h o to d io d es , 
such as  d iode s t r u c tu r e ,  doping p r o f i l e ,  e l e c t r i c  f i e l d  p r o f i l e ,  s e r ie s  
r e s i s ta n c e ,  d e p le t io n  la y e r  w id th , avalanche zone, io n iz a t io n  r a t e s  
f o r  e le c tro n s  and h o le s ,  have been c a lc u la te d .
To perform  th e  ex p erim en ta l in v e s t ig a t io n s  an e le c tro n  bombardment 
ap p a ra tu s  was s e t  up fo r  bombarding th e  pho to d io d e . A key component 
o f t h i s  a p p a ra tu s  i s  a  d e f le c t io n  system  which d e f le c ts  th e  e le c tro n
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beam t o  and f r o  in f r o n t  o f  th e  photodiode a p e r tu re  a t  a  v e ry  h i ^ i  
■speed. .
E xperim ental measurements have been o b ta in ed  f o r  th e  e le c tro n  
bombardment c o n d u c tiv ity  (EEC) o f  avalanche s i l i c o n  pho tod iodes under 
c o n tro l le d  av a lan ch in g  c o n d itio n s  u sin g  t h i s  a p p a ra tu s . I t  was shown 
th a t  th e  EEC g a in  and th e  avalanche m u l t ip l ic a t io n  o f  th e  d iode can 
be cascaded . The c u rre n t wave forms produced by i n i t i a l  bombarding 
e le c tro n s  in  th e  photodiodes were viewed on a sam pling o s c il lo sc o p e  
which has a r i s e - t im e  o f 28 p ico seco n d s.
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CHAPTER 1
In tro d u c tio n
I n te r e s t in g  dev ices may be designed  making use  o f  th e  in te r a c t io n  
o f  an e le c tro n  beam w ith  a  s o l i d - s t a t e  ju n c t io n . These dev ices a re  
c a l l e d  e lec tron-bom barded  sem iconductor (EBS) d e v ic e s , which a re  
e s s e n t i a l l y  sem iconductor d iodes in  th e  same envelopes as m odulated 
e le c tro n  beams and appearing  on th e  m arket as ra d io -freq u e n c y  a m p lif ie r s  
and m o d u la to rs , sw itch in g  elem ents and s ig n a l-p ro c e s s in g  d e v ice s .
The id e a  i s  n o t new -  an EBS d e v ice , a f t e r  a l l ,  i s  j u s t  a diode i l lu m in a te d  
by a h ig h -en e rg y  e le c tro n  beam in s te a d  o f l i g h t .  These d iodes a re  
c a l le d  e lec tron-bom barded  sem iconductor d iodes when il lu m in a te d  by 
h igh  energy  e le c tro n  beam and c a l le d  photod iodes when i l lu m in a te d  by 
l i g h t .  The d iodes employed in  our measurements were f a b r ic a te d  to  be 
used  as p h o to d io d es . T herefo re  f o r  convenience th roughou t t h i s  th e s i s  
th e y  w i l l  be r e f e r r e d  as pho tod iodes a lthough  used  as an e le c t ro n -  
bombarded sem iconductor d iode .
The c o n d u c tiv ity  in  such d io d e s , may be a l t e r e d  by  bombardment 
w ith  h ig h  energy e le c tro n s  and t h i s  p ro c e ss  i s  r e f e r r e d  as e le c tro n  
bombardment c o n d u c tiv ity  (EBC). The b a s ic  phenomenon u n d e rly in g  t h i s  
e f f e c t  i s  th e  c re a t io n  o f  e le c tro n —h o le  p a i r s  in  th e  sem iconductor in  
a manner s im i la r  t o  th e  g e n e ra tio n  o f  such p a ir s  by l i g h t  quan ta  in  
p h o to c o n d u c tiv ity . Because o f th e  u s u a lly  h igh  energy o f  th e  bom barding 
e le c tro n  in  EBC, ( f o r  example s e v e ra l  thousand  e le c t ro n  v o l t s  o r  h ig h e r ) .
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a  s in g le  e le c tro n  may g e n e ra te  hundreds o f  e le c tro n -h o le  p a i r s  b e fo re  
i t s  energy  i s  d is s ip a te d  in  th e  m a te r ia l .  In  th e  case  o f  p h o to c o n d u c tiv ity , 
by com parison, th e  energy  o f  th e  in c id e n t  l i g h t  qu an ta  ( f o r  example two 
to  th r e e  e le c tro n  v o l t s )  i s  u s u a lly  o f th e  same o rd e r  o f  m agnitude as 
th e  band gap o f th e  m a te r ia l ,  so t h a t  no more th a n  one e le c tro n -h o le  
p a i r  i s  c re a te d  p e r absorbed  photon .
A lthough i t  i s  f r e q u e n tly  found th a t  a  m a te r ia l  w ith  a  h ig h  
pho toconductive  quantum g a in  a ls o  shows a s tro n g  EBC e f f e c t ,  i t  shou ld  
be k ep t in  mind th a t  th e  phenomena o f EBC and p h o to c o n d u c tiv ity  d i f f e r  
in  s p e c i f ic  a s p e c ts .  In  p h o to c o n d u c tiv ity  th e  f r e e - e le c t r o n  c a r r i e r s ,  
f o r  exam ple, may be g e n e ra te d  s e le c t iv e ly  from th e  v a lan ce  band t o  th e  
conduction  band o r  from im p u rity  le v e l s  to  th e  conduction  band, 
depending on th e  wave le n g th  o f  th e  in c id e n t  r a d ia t io n .  In  EBC, where 
th e  h ig h -v e lo c i ty  bombarding e le c tro n s  t r a n s f e r  energy  to  th e  l a t t i c e  
atoms by c o l l i s i o n ,  such a  s e le c t iv e  e f f e c t  cannot be e x e rc is e d . In  
a d d it io n  depending on th e  e lec tron -beam  o r photon energy  th e  depth  o f  
th e  p e n e tr a t io n  o f  e le c tro n s  o r  l i ^ t  may be m arkedly d i f f e r e n t .  The d e p th , 
o f  th e  re g io n  o f  g e n e ra tio n  o f  e le c tro n -h o le  p a i r s  w ith  an e le c tro n  beam 
can be v a r ie d  a t  w i l l  by means o f  th e  a c c e le ra t in g  p o te n t i a l  a p p lie d  
to  th e  e le c tro n  s o u rc e , '
The phenomenon o f  c a r r i e r  p ro d u c tio n  has been used^drirst as th e  b a s is  
fo r , sem iconductor r a d ia t io n  d e te c to r s  t h a t  perm it th e  e n e rg ie s  o f h i ^ i l y  
e n e rg e tic  p a r t i c l e s  t o  be determ ined  a c c u ra te ly  From th e  in v e s t ig a t io n
o f  such d e te c to rs  i t  has been found th a t  when a  s u f f i c i e n t l y  e n e rg e tic  
e le c tro n  p e n e tr a te s  a  sem iconductor, i t  c re a te s  a  number o f  e le c tro n -h o le  
p a ir s  t h a t  i s  p ro p o r t io n a l  to  th e  i n i t i a l  energy o f  th e  e le c tro n
-  3 -
In  o th e r  -words, bombardment o f a  sem iconductor by an e le c tro n  o f 
in c id e n t  energy  K r e s u l t s  in  th e  c re a t io n  o f  an average number o f  
c a r r i e r  p a i r s  g iven  by
p a i r°m - °  Ë  (1 -1 )
wliere i s  th e  energy  re q u ire d  to  c re a te  one e le c tro n -h o le  p a i r .
From th e  e le c tro n  bombardment d a ta  o f  s i l i c o n  E . i s  ex p e rim en ta lly
( 2 )found to  be c o n s ta n t and eq u a l t o  3 .5  -  3 .6  eV . These v a lu es
fo)
a re  p re d ic te d  on th e o r e t i c a l  r e s u l t s  by Shockley . This shows us 
t h a t  bombardment o f s i l i c o n  w ith  15 k eV -e lec tro n s  r e s u l t s  a  c u r re n t 
a m p lif ic a t io n  in  th e  conducto r o f  approx im ate ly  4000 o r  more. Here 
g a in  i s  d e fin e d  a s ,  th e  r a t i o  o f  in c re a s e  in  diode c u rre n t t o  bombarding 
c u r r e n t .  Should a  h ig h e r diode g a in  be d e s ir e d , i t  can be o b ta in e d , 
by r a i s in g  th e  beam p o te n t i a l .  However, a  second mechanism e x is t s  
w hich, fo r  a p ro p e rly  p re p a red  d io d e , allow s th e  g a in  to  be in c re a se d  
w ith o u t in c re a s e  in  beam p o te n t i a l .  This i s  th e  mechanism o f  in t e r n a l  
avalanche m u l t ip l ic a t io n  which occurs a t  r e l a t i v e l y  h ig h  diode b ia s  
v o lta g e  This su g g es tio n  was made by L.G. Wolfgang e t .  a l .
and re fe re n c e  t o  i t  has ag a in  been made in  a  paper on microwave
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a m p lif ie rs  by S i lz a r s  e t .  a l .  . Avalanche m u l t ip l ic a t io n  has th e  
e f f e c t  on in c re a s in g  th e  norm al d iode g a in  by a f a c to r  M so  t h a t  th e  
t o t a l  g a in  in  s i l i c o n  becom es:-
(1 -2 )
The f a c to r  M i s  a r a p id ly  in c re a s in g  fu n c tio n  o f  b ia s  v o l ta g e ,  ^ h e re  M
-  4 -
can be  o f  th e  o rd e r  o f  100 in  a  s u i ta b le  d io d e . T here fo re  a  g a in  
o f  th e  o rd e r 10^ o r  more i s  p o s s ib le .  I t  i s  th u s  seen  t h a t  th e  
e le c t ro n  bombarded c o n d u c tiv ity  and avalanche e f f e c t  to g e th e r  i s  a  
v e ry  h ig h -g a in  phenomenon.
A nother im p o rtan t q u e s tio n  r a i s e d  i s  r e l a t e d  t o  th e  p o t e n t i a l  
o f such  a d ev ice  to  p ro v id e  h ig h -g a in  w ith  a  v e ry  f a s t  t r a n s ie n t  
re sp o n se . E xperim ental measurements o f  e le c tro n  and h o le  v e lo c i t i e s  
in  th e  d r i f t  re g io n  o f  a  s i l i c o n  d e te c to r  have in d ic a te d  t h a t  th e  
v e lo c i t i e s  te n d  t o  s a tu r a te  tow ards a  f ix e d  va lue  as  shown in  F ig u re  ( l . l )  
and F ig u re  (1 .2 )  The r e s u l t s  o b ta in ed  by C.B. N o rris  and
J .F ,  Gibbons f o r  th e  s a tu r a t io n  d r i f t  v e lo c i ty  o f e le c tro n s  in  s i l i c o n  
y ie ld s  a v a lu e  o f 10^ cm/sec and th e  f i e l d  a t  which th e  v e lo c i ty  
s a tu r a te s  i s  about 30 kV/cm. F or h o le s  th e  s a tu r a t io n  v e lo c i ty  i s  
8 X 10® cm/sec and th e  f i e l d  i s  100 kV/cm
The minimum response  t im e .o f  a  photodiode il lu m in a te d  by h i ^ -
energy  e le c tro n s  i s  th e re fo re  eq u a l t o  th e  d e p le tio n  w id th  ( ty p ic a l ly
10 m icrons) d iv id e d  by th e  s a tu r a t io n  v e lo c i ty .  This i s  equal, t o
10 X  1 0 4 / i Q 7  -  iglO  s e c , which in d ic a te s  t h a t  th e  c o n d u c tiv ity  induced
by th e  e le c tro n  bombardment and avalanche e f f e c t  i s  n o t on ly  a  h ig h -
g a in  phenomenon, b u t i s  a lso  v e ry  f a s t .  This f a s t  re sp o n se ,tim e , and
th e  c u r re n t  g a in  m entioned in  eq u a tio n  (1 .2 )  can on ly  be a ch iv e d ,
when an avalanche photodiode has been* f a b r ic a te d  in  such a  way t h a t
a l l  c a r r i e r  p a i r  c re a t io n  occured  in  th e  f u l l y  d e p le te d  re g io n  o f
th e  d ev ice . U su a lly  th e  most common s t r u c tu r e  employed on avalanche
+ +pho tod iodes a re  th e  n -  p -  p guard  r in g  design  which i s  b a sed  on
-  5 -
(9 )th e  model o f  B ia rd  and S h a m fie ld  . T here fo re  c a r r i e r s  a re  no t
o n ly  g e n e ra te d  in  th e  h ig h - f i e ld  re g io n , h u t a s  w e ll in  th e  n f r o n t  
c o n ta c t la y e r .  I t  i s  th u s  ap p aren t t h a t  th e  t r a n s p o r t  o f c a r r ie r s  
by d if f u s io n  t h r o u ^  a lo w -f i  e ld  n re g io n  i s  in v o lv ed . S ince d if fu s io n  
i s  a  slow p ro c e s s , th e  response  tim e o f th e  avalanche photodiode 
would in c re a s e  and th e  c u rre n t ga in  would d ecrease  due to  b u lk  and 
s u rfa c e  reco m b in a tio n . For th e s e  re a so n s , th e  main goal, o f  t h i s  s tu d y  
i s  to  in v e s t ig a te  th e o r e t i c a l l y  and ex p e rim en ta lly  th e  p ro p e r t ie s  o f  
s i l i c o n  avalanche pho tod iodes under e le c tro n  bombardment and p re d ic t  
th e  g a in s  due to  e lectron-bom barded  c o n d u c tiv ity  (EBC) under s e v e ra l  
e le c tro n  beam p o te n t ia l s  and th e  avalanche m u l t ip l ic a t io n  M fo r  d i f f e r e n t  
diode b ia s  v o l ta g e s , frequency  response  and r is e t im e s  t h a t  a re  o b ta in a b le , 
and show under what c o n d itio n s  th e  optimum perform ance may be o b ta in e d .
In  C hapter 2 o f  th e  p re se n t work, we c a lc u la te  th e o r e t i c a l ly  
th e  ex p re ss io n s  f o r  s t a t i c  and tim e-dependen t c u r re n t g a in  in  s i l i c o n  
avalanche photodiode t a r g e t s  under e le c tro n  bombardment, from th e  
s o lu t io n  o f  th e  d if f u s io n  eq u a tio n  f o r  d i f f e r e n t  i n i t i a l  and boundary 
c o n d itio n s . These ex p re ss io n s  a re  u s e fu l  f o r  e s tim a tin g  th e  e f f e c t  
o f  th e  n f r o n t  c o n ta c t la y e r  on th e  c u r re n t  g a in , frequency  re sp o n se  
and c u rre n t p u lse  shapes observed  in  th e  e x te rn a l  c i r c u i t .  C urren t 
waveforms f o r  d i f f e r e n t  avalanche m u l t ip l ic a t io n  f a c to r s  a re  a ls o  
d e riv e d  and p lo t te d .
In  C hapter 3 th e  c h a r a c te r i s t i c s  o f  avalanche pho tod iodes a re  
rev iew ed . From th e  c a p a c ita n c e -v o lta g e  (C-V) m easurem ents, th e  d e n s ity  
and th e  e l e c t r i c  f i e l d  p r o f i l e s  in  th e  d e p le t io n  re g io n s  f o r  th e
in
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s i l i c o n  avalanche pTaotodiodes used  as  t a r g e t s  in  our experim ents 
a re  c a lc u la te d .
A d e s c r ip t io n  o f  th e  e le c tro n  homhardment ap p ara tu s  used  to  
bombard th e  sem iconductor sam ples i s  g iven  in  C hapter 4 . A lso th e  
d e f le c t io n  system s to  d e f le c t  th e  beam to  and f ro  in  f r o n t  o f  th e  
sample e f f e c t iv e  a re a  a re  shown.
In  C hapter 5 we g ive  and d isc u ss  th e  ex p erim en ta l r e s u l t s  
o b ta in e d , and in  C hapter 6 co n c lu sio n  and recommendations f o r  fu tu re  
in v e s t ig a t io n s  a re  p re s e n te d .
1 .1 ,  H is to r ic a l  Background
A v e ry  good: rev iew  on EBS d ev ices  i s  g iven  in  a  pap er by 
S i lz a r s  e t .  a l .  A ccording t o  t h e i r  h i s t o r i c a l  su rv ey , th e
e a r l i e s t  re co rd ed  experim ents o f  c o n d u c tiv ity  changes in  a  sem iconductor 
due to  e le c tro n  i r r a d i a t i o n  appear in  a paper by K ronig p u b lish e d
in  1924. The f i r s t  sy s te m a tic  work in v e s t ig a t in g  c o n d u c tiv ity  changes 
due to  e le c t ro n  bombardment o f  sem iconductors was s t a r t e d  in  th e  l a t e  
194o*s. a t  P h i l ip s  L a b o ra to r ie s , Hew York. H i t tn e r  re p o r te d , in  a
(12) V  .p aper p u b lish e d  in  1948, work on bombarding p o ly c r y s ta l l in e  
selen ium  pho toconductors w ith  e le c tro n s  up t o  2 keV in  en ergy . B i t tn e r  
r e c e n t ly  d e p o s ite d  a  m anuscrip t in  th e  A rch ives o f  th e  American 
I n s t i t u t e  o f  P hysics d e sc r ib in g  h is  and h is  a s s o c ia te s  work. D uring 
th e  p e r io d  t h a t  work was b e in g  pu rsued  a t  P h i l ip s ,  a  number o f  p a te n ts  
( l4 )  is su e d  to  B i t tn e r  and h is  a s s o c ia te s .  The P h i l ip s
work can be th u s  co n sid e red  t o  be th e  p io n e e r in g  work on th e  e le c t ro n
-  9 )-
■bonbardment o f  sem iconductors#
Almost a t  th e  same tim e when th e  work was c a r r ie d  o u t a t  P h i l ip s ,
experim ents were b e in g  conducted a t  th e  B e ll  Telephone L a b o ra to rie s
on th e  e f f e c t  o f  e n e rg e tic  e le c tro n  in te r a c t in g  w ith  in s u la to r s  and
sem iconductors,. No p ap ers  were w r i t t e n  by th e  B e l l  Group on t h e i r
f IT  ^E B S -re la ted  work; however, one p a te n t  r e s u l te d  .
In  1950 work was i n i t i a t e d  by a group a t  th e  U n iv e rs ity  o f  London 
under th e  d i r e c t io n  o f E hrenberg , a p p a re n tly  as a  r e s u l t  o f  th e  P h i l ip s  
work. In  a  pap er p u b lish e d  in  e a r ly  1951» r e s u l t s  o f  bombarding b o th
(1 8 )selen ium  and copper oxide a t  beam e n e rg ie s  up to  90 keV were re p o r te d  
The work o f  t h i s  group co n tinued  f o r  s e v e ra l y e a rs  a lth o u g h  i t
does n o t appear t h a t  any dev ice  r e la te d  work was pu rsu ed .
S ta r t in g  in  th e  e a r ly  1950*s Moore o f  th e  RCA P rin ce to n
. (20L ab o ra to iy  worked on th e  E B S -re la ted  phenomena. One pap er was p u b lish e d
(21) (22)and two p a te n ts  on d ev ices were g ra n te d  to  th e  RCA w orkers ’
The work was bombarding p o in t  c o n ta c t d iodes b ia se d  in  b o th  th e  
fo rw ard  and re v e rs e  d i r e c t io n s ,  in  th e  lo w - f ie ld  re g io n . I t  was a ls o  
re p o r te d  t h a t  some h ig h - f i e ld  e f f e c t s  were see n . I t  was n o te d  th a t  
bombardment caused  a  s ig n i f i c a n t  d if f e re n c e  in  c u r r e n t  flow  in  a 
germanium p o in t c o n ta c t d io d e .
I t  appears t h a t  th e  f i r s t  o u ts id e  funded EBS e f f o r t  was conducted 
a t  th e  N uclear C orpo ra tion  o f America f o r  th e  U .S. A ir  F orce Rome A ir 
Development C en te r, in  th e  l a t e r  1950*s .  The work was concerned  
w ith  th e  developm ent o f  a p r a c t i c a l  EBS m odulator d e v ic e , s im i la r  to
-  10 -
p re s e n t day d e v ic e s .
The f i r s t  work to  he  p u b lish e d  d e sc r ib in g  d e ta i le d  work on EBS 
d ev ices  was by Brown and h is  a s s o c ia te s ,  covering  work done a t  th e  IBM 
Yorktown L a b o ra to rie s  du rin g  th e  e a r ly  Ip G o 's . Brown in  I 963
re p o r te d  ach iev in g  300-V o u tp u t a c ro ss  a  9^-0 lo a d  w ith  a  r i s e  tim e 
o f  4ns. He a ls o  su g g es ted  a  d esig n  fo r  a d e f le c te d  beam EBS a n ç l i f i e r  
w hich would have a  300-MHz bandw idth .
In  app rox im ate ly  I 967 N o rris  and Gibbons a t  S ta n fo rd  U n iv e rs i ty , 
su p p o rted  by th e  J o in t  S e rv ices  Committee and l a t e r  by th e  Army Evans 
L ab o ra to ry , i n i t i a t e d  work which r e s u l te d  in  a  renascence  o f EBS 
e f f o r t  in  th e  U nited  S ta te s .  He developed a  sim ple b u t v e ry  u s e f u l  
th e o ry , d e sc r ib in g  th e  d esign  o f  many in te r e s t in g  dev ice  c o n f ig u ra t io n s , 
and dem onstrated  th e  f e a s i b i l i t y  o f  many o f th e se  c o n f ig u ra tio n s  (2 4 ) ,(2 5 )^  
This work p ro v id ed  a s tro n g  fo u n d a tio n  f o r  th e  renewed EBS i n t e r e s t  
by a  number o f o rg a n iz a tio n s  and e s p e c ia l ly  f o r  th e  work s t a r t e d  in  
1968 by th e  W atkins-Johnson Conqoany (2 6 ) ,(2 7 )^  ^  number o f  o th e r
L a b o ra to r ie s  were a c t iv e ly  in v e s t ig a t in g  EBS d ev ices  a p p a re n tly  b a s in g  
t h e i r  work on what was b e in g  dem onstrated  a t  S tan fo rd  ( 2 8 ) , ( 2 9 )^
One o f  th e se  e f f o r t s  was th e  s tu d y in g  o f  th e  a p p l ic a t io n  o f  th e  EBS 
p r in c ip le  t o  some o f th e  fu tu r e  m i l i t a r y  e le c t ro n ic s  problem s by  th e  
Army Evans L ab o ra to ry , which ended in  1971 when a funding  c r i s i s  
e x is te d  in  U .S . m i l i t a r y  su p p o rted  re s e a rc h  and developm ent.
The e le c tro n  bombardment d f  sem iconductors was n o t u sed  on ly  
t o  develop  new e le c t r o n ic  d e v ic e s , b u t a ls o  used  as a t o o l  t o  s tu d y  
th e  c a r r i e r  t r a n s p o r t  p ro p e r t ie s  ( d r i f t  v e lo c i ty ,  t r a p p in g , e tc )  o f
-  11
sem iconductor m a te r ia ls  • This new method i s  known as th e  t im e -o f -
(30 )f l i ^ t  te c h n iq u e , f i r s t  in tro d u ce d  hy Spear t o  measure c a r r i e r
m o b i l i t ie s  in  Se, and has s in c e  been sue ces s f u l l y  us ed to  measure 
h ig h - f i e ld  p ro p e r t ie s  o f  some o th e r  m a te r ia ls .  Using t h i s  te c h n iq u e ,
(3 1 )Ruch and Kino have m easured th e  e le c tro n  v e lo c i ty ,  d i f f u s io n ,  and
tra p p in g  c o e f f ic ie n t  o f  e le c tro n s  in  GaAs as a  fu n c tio n  o f  th e  e l e c t r i c  
f i e l d .  S e v e ra l o th e r  a u th o rs  (? )» (3 2 ) ,(3 3 )  j^ave employed th e  te ch n iq u e  
to  m easure th e  t r a n s p o r t  p ro p e r t ie s  o f e le c tro n s  and h o le s  in  s i l i c o n  
and CdTe The d a ta  in  F ig u re  ( l . l )  and F ig u re  (1 .2 )  i s  m easured
u s in g  th e  t im e - o f - f l ig h t  tech n iq u e  by C.B. N o rris  and J .  F . G ibbons.
-  12 -
CHAPTER 2
THEORY
We b eg in  t h i s  c h a p te r  by g iv in g  a g e n e ra l p ic tu r e  o f  how e le c tro n s  
i n t e r a c t  w ith  s i l i c o n  and th e  f i r s t  two s e c tio n s  lo o k  f o r  v a rio u s  
phenomena such as th e  average r a t e  a t  which e le c tro n -h o le  p a i r s  a re  
c re a te d ,  e le c tro n  p e n e tr a t io n  and th e  energy d is s ip a t io n  p r o f i l e s ,  
in  th e  l i g h t  o f th e  u n d e rs tan d in g  o b ta in ed  from w e ll e s ta b l is h e d  
th e o r e t i c a l  and e m p ir ic a l r e l a t i o n s .  When s in g le  c r y s ta l  s i l i c o n  i s  
bombarded by h ig h  energy  e le c t r o n s ,  e le c tro n -h o le  p a i r s  a re  c re a te d  
a t  th e  average r a t e  o f  one p a i r  f o r  every  3 .6  e le c tro n  v o l t s  o f  k in e t ic  
energy  i n i t i a l l y  in  th e  bombarding e le c tro n .  This w e ll e s ta b l is h e d  
v a lu e  w i l l  be used  th roughou t th e  t h e o r e t i c a l  and ex p erim en ta l work 
in  t h i s  t h e s i s .
S ec tio n  2 .3 . d e sc rib e s  th e  a n a ly s is  o f a re v e rse d  
b ia se d  d iode . Under th e  re v e rse  b ia s  a  d e p le tio n  la y e r  i s  e s ta b l is h e d  
in  a  r e l a t i v e l y  w eakly doped reg io n  bounded by h ig h ly  doped end 
re g io n s  o f t h i s  n"*" -  p -  p^ s t r u c tu r e .
In  s e c t io n  2 .4 .1 .  an approxim ate l i n e a r  th e o ry  f o r  th e  c u rre n t 
g a in  o f  th e  re v e rs e  b ia se d  p -n  ju n c tio n  EBS diode i s  g iven  u s in g  ~ 
th e  d i f  fu s io n  .e q u a tio n ^  d e riv e d  ih  s e c t io n  2 .4 .  An e a r l i e r  th e o ry  
o f  s t a t i c  c u r re n t g a in  in  p -n  ju n c t io n s , employed a s im p lif ie d  c o n s ta n t 
r a t e  o f in c id e n t  e le c tro n -e n e rg y  d is s ip a t io n  p e r  u n i t  le n g th  up to
/— 13 •“
th e  average range o f  e le c tro n  p e n e tr a t io n  sm a lle r  th a n  th e  th ic k n e ss
+ .
o f th e  n f r o n t  c o n ta c t la y e r .  T his s e c tio n  d e sc rib e s  a  more
g e n e ra l a n a ly s is  o f  s t a t i c  c u r re n t  g a in s  f o r  energy  d is s ip a t io n  p r o f i l e s  
m entioned in  s e c t io n  2 .2 . The th e o r e t i c a l  e x p re ss io n s^ p re se n t th e  
e f f e c t s  o f  th e  n la y e r  th ic k n e s s ,s u r fa c e  recom bination  and b u lk  
recom bination  on th e  c u rre n t g a in . We see  from  th e  th e o r e t i c a l  
r e s u l t s  t h a t  th e  d im ension less  param eter K = SL/D i s  an im p o rtan t 
q u a n ti ty  in  th e  c a lc u la t io n  o f th e  t a r g e t s  e f f ic ie n c y .
In  s e c t io n  2 .4 .2 .  approxim ate e x p re ss io n s  and c a lc u la t io n s  
a re  p re se n te d  fo r  e s tim a tin g  frequency  l im i ta t io n s  o f  p -n  ju n c tio n  
EBS t a r g e t s ,  under in t e n s i t y  m odulated e le c tro n  beam bombardment. 
C a lc u la tio n s  in d ic a te  th a t  th e  depth  o f  th e  ju n c tio n  shou ld  d ecrease  
w ith  in c re a s in g  frequency  f o r  p re s e rv a tio n  o f  c o n s ta n t dynamic g a in .
Tim e-dependent c u rre n t ga ins a re  c a lc u la te d  in  s e c t io n  2 .4 .3 .  
f o r  d i f f e r e n t  boundary c o n d itio n s  in  th e  n"** la y e r  u s in g  th e  tim e - 
dependent d if f u s io n  eq u a tio n . From th e  graphs p lo t te d  i t  i s  p o s s ib le  
to  e s tim a te  th e  tim e re q u ire d  to  empty th e  c a r r i e r s  from t h i s  re g io n .
I t  ta k e s  c a r r i e r s  on th e  average a  tim e t  = vd^/8D to  d if f u s e  th ro u g h  
an n^ la y e r  o f  . th ic k n e s s  d . C a r r ie r  I d if f u s io n  th e n  can ' l im i t  th e  
r i s e  tim e o f  th e  p ho tod iode .
In  s e c tio n  2 .5 .  th e  c a r r i e r  c u r re n ts  r e s u l t in g  from e le c tro n  
bombardment a re  in v e s t ig a te d  u sin g  Ramo-Shockley p r in c ip le  * The 
c o n tr ib u tio n  o f  e le c tro n s  and h o le s  a re  s e p a ra te ly  c a lc u la te d  under 
av a lan ch in g  c o n d it io n s . In  our model we ig n o re  th e  e f f e c t s  o f
— l 4  —
d if f u s io n  in  re g io n s  o f  h ig h  e l e c t r i c  f i e l d s ,  which, le a d s  to  
; th e  d is c o n t in u i ty  of. c a r r i e r  d i s t r ib u t io n  shown in  F ig u re  2 .13  
and 2 .1 4 . A lso  we assume th a t  th é  p a i r s  a re  c re a te d  in s ta n ta n e o u s ly .
2 .1 .  Energy fo r  E lec tro n -H o le  P a ir  C rea tio n  in  S il ic o n
To c a lc u la te  th e  g a in  in  a  sem iconductor f o r  s p e c i f ie d  c o n d itio n s  
o f  e le c t ro n  bombardment, i t  i s  n e ce ssa ry  t o  know th e  average r a t e  a t  .
(o )
which e le c tro n -h o le  p a i r s  a re  c re a te d . The th e o ry  g iv en  by Shockley 
p re d ic ts  t h a t  th e  e le c tro n -h o le  p a i r s  a re  c re a te d  a t  th e  average 
r a t e  o f one p a i r  fo r  every  3 .5  -  3 .6  eV o f  i n i t i a l  k in e t i c  energy 
in  th e  bombarding e le c tro n  and th e  v a lu e  i s  independent o f th e  i n i t i a l  
e le c tro n  energy . A ccording to  t h i s  th e o ry  th e  energy  lo s s  t o  th e  
m a te r ia l  by th e  bombarding e le c tro n s  i s  due to  two s c a t te r in g  p ro c e s s e s , 
each having  two c o n s ta n ts : -
i )  G enera tion  o f  h ig h e s t  energy o r  Raman phonons, energy 
E^ and mean f r e e  p a th  L^.
i i )  E le c tro n -h o le  p a i r  p ro d u c tio n , th re s h o ld  c a r r i e r  energy
E. and mean f r e e  p a th  L . .
1  ■ 1  . -  . ; . . .
E^ i s  de term ined  from n eu tro n  s c a t te r in g  d a ta  and f o r  s i l i c o n
E^ = 0 063 eV (3 5 ) '  The o th e r  c o n s ta n ts  E^ and = r  a re  chosen
to  f i t  d a ta  on quantum y ie ld  fo r  photons u s in g  th e  form ula
' Q = 3 -  2 exp (Eg + 2E^ -  hv) /  2rE^ (2 .1 )
- 1 5  -
For s i l i c o n  t h i s  g iv es  E. -  1 .1  eV which i s  equal to  th e  energy
hand gap E and r  = 17.5* 
S
The model co n sid ered  hy Shockley th e n  p re d ic ts  an energy  p e r 
p a i r  f o r  io n iz a t io n  hy h ig h -en e rg y  p a r t i c l e s  o f about
2 . 2 E . + r E ^  (2 .2 )
This g iv es, a  v a lu e  o f 3 .5  -  3 .6  eV fo r  s i l i c o n .  In  c o n tr a s t  to
some o f th e  exp erim en ta l r e s u l t s  CVavilov o b ta in  E . = 4 .2  ± 0 .6  eV.p a i r  ’
( 23 )w h ile  Brown f in d s  t h a t  -  4 .7  eV ), t h i s  v a lu e  i s  in  good
agreem ent w ith  o th e r  measured v a lu e s , (Koch e t .  a l .  o b ta in
E pair ” 3 '5 3  ± 0 .07  eV, Guldberg e t .  a l .  and N o rris  f in d
a v a lu e  o f 3 .6  eV). T here fo re  we use  th e  va lue  3 .6  eV in  our work.
2 .2 . E le c tro n  Energy D is s ip a tio n  in  S il ic o n
To determ ine  th e  number o f e le c tro n -h o le  p a i r s  c re a te d  a t  
v a rio u s  lo c a t io n s  in  th e  m a te r ia l ,  one has to  know th e  energy  d is s ip a te d  
by th e  e le c tro n s  a t  th e se  p o in ts .  As th e  e le c tro n s  move away from 
t h e i r  p o in t  o f o r ig in  th e y  lo s e  energy  to  th e  m a te r ia l  as th e y  go and 
as w e ll change d i r e c t io n .  They slow  down c o n tin u o u s ly  u n t i l  t h e i r  
i n i t i t a l  k in e t ic  energy  has been com ple tely  exh au sted . The energy  
d is s ip a te d  and th e  range o f  e le c tro n  p e n e tra t io n  R, a l l  depend upon th e  
in c id e n t  beam energy  E^ and th e  m a te r ia l  under bombardment.
I f  (3 .6  eV) i s  th e  mean energy re q u ire d  fo r  an e n e rg e tic
e le c tro n  to  c r e a te  one e le c tro n -h o le  p a i r ,  and th e  e le c tro n  beam o f
— i6  —
c u r re n t  d e n s i ty  i.^ s u f f e r s  a  mean energy  lo s s  o f dE in  p e n e tr a t in g  
a la y e r  o f  m a te r ia l  dx th ic k ,  th e  number o f  e le c tro n -h o le  p a i r s  
c re a te d  p e r  second p e r  u n i t  volume in  t h a t  la y e r  i s
V - )  = f  (2 .3 )
p a i r
The average r a t e  o f  energy lo s s  dE/dX i s  known as th e  s to p p in g  
power o f  th e  m a te r ia l .  The b a s ic  t h e o r e t i c a l  methods used to  c a lc u la te  
th e  s to p p in g  power have been g iv en  in  co n s id e ra b le  d e t a i l  by Lewis 
Spencer who combined th e  r e s u l t s  o f  energy lo s s  th e o ry  o f  Bethe
The m athem atica l d e ta i l s  o f  th e  th e o ry  in v o lv es  computer s o lu t io n  o f  
th e  t r a n s p o r t  eq u atio n  which i s  b a s ic a l ly  a  c o n tin u ity  e q u a tio n . The 
o th e r  approach to  a  num erical s o lu tio n  to  t h i s  c o n tin u ity  eq u a tio n  i s  
th e  Monte C arlo  s im u la tio n  te c h n iq u e , which i s  p robab ly  th e  most 
f l e x ib le  and convenien t one. The use o f  t h i s  tech n iq u e  in  e le c tro n  
s c a t te r in g  problem s a re  g iven  by B ishop We w i l l  n o t c o n s id e r  th e
m athem atica l d e ta i l s  h e re . The energy d i s t r ib u t io n  fu n c tio n  c a lc u la te d  
by t h i s  th e o ry  can p ro v id e  an a n a ly t ic  ex p re ss io n  f o r  e le c tro n -h o le  
p a i r  g e n e ra tio n  fu n c tio n  u s in g  eq u a tio n  ( 2 .3 ) .  This e le c tro n -h o le  
p a i r  g e n e ra tio n  fu n c tio n  can be approxim ated by a t h i r d  o rd e r 
polynom inal which can be p re p re se n te d  as
■ Go(x) -  E E .. (a + P §  + Y + <5 §3-) (2 .4 )
p a i r
-  IT -
where
a -  0 .6  Y = -  12 .4
ê . = 6 .2 1  6 = 5 .6 9
The g a in  param eter \ / ^ p a i r  t o t a l  number o f  secondary
e le c tro n s  g en era ted  hy each in c id e n t  e le c tro n  th a t  p e n e tr a te s  up to  
a  d is ta n c e  R in to  th e  sem iconductor. From th e  ex p erim en ta l r e s u l t s  
o f  B il l in g to n  and Ehrenberg and Makhov th e  e le c tro n
p e n e tr a t io n  R in to  s i l i c o n  can be shown to  ta k e  th e  form
E , =  0 .025  ly  1-65 (2 . 5 )
where i s  th e  v o lta g e  o f bombarding e le c tro n s  in  keV and R i s  
in  m icrons.
This e le c tro n  p e n e tr a t io n  dep th  i s  o f  course  c o n d itio n a l, and 
we d e fin e  th e  range R as th e  d is ta n c e  a f t e r  which 99% o f  th e  
im pinging e le c tro n s  a re  abso rbed . The r e s id u a l  1% o f  th e  i n i t i t a l  
e le c tro n s  s t i l l  have t h e i r  i n i t i a l  energy and w i l l  th u s  c r e a te  1^ > 
o f  th e  t o t a l  number o f  e le c tro n -h o le  p a i r s  g e n e ra te d . The range 
j u s t  d e fin e d  i s  th e  maximum range and v a l id  f o r  e le c tro n  a c c e le r a t in g  
v o lta g e s  up to  50 keV.
F ig u re  (2 .1 )  shows th e  e le c tro n —h o le  p a i r  c re a t io n  p r o f i l e  vs 
p e n e tr a t io n  p lo t te d  u s in g  eq u a tio n  (2. 4)  fo r  s e v e ra l  e le c tro n  
bombardment v o lta g e s  in  s i l i c o n .
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2 .3 .  A n a ly sis  o f  th e  B ehavior o f a  R everse B iased  P-N Ju n c tio n
Under E lectron 'B om bardm ent.
The diode model an a ly sed  i s  shown in  F ig u re  2 .2 .  A re v e rse  
b ia s  i s  a p p lie d  to  e s ta b l i s h  a  d e p le tio n  la y e r  in  a  r e l a t i v e l y  weakly
doped re g io n  bounded by h ig h ly  doped end re g io n s  o f t h i s  n -  p -  p
s t r u c tu r e .  The d e p le t io n  la y e r  can ex tend  th ro ughou t th e  e n t i r e  p 
re g io n  upon a p p l ic a t io n  o f  th e  re v e rse  b ia s .  The f r o n t  n’*’ la y e r  o f  
th e  d iode i s  i r r a d i a t e d  by an e le c tro n  beam w ith  d i f f e r e n t  a c c e le r a t io n  
v o l ta g e s .
The s o l id  curves in  F ig u re  2 .2  in d ic a te  th e  shapes o f th e  
e le c tro n -h o le  p a i r  c re a t io n  p r o f i l e  and we assume th a t  th e  p a i r s  a re  
c re a te d  e s s e n t i a l l y  in s ta n ta n e o u s ly . The dashed curve i s  th e  e l e c t r i c  
f i e l d  p r o f i l e  e s ta b l is h e d  under re v e rse  b ia s .
The c a r r i e r  t r a n s p o r t  in  th e  h ig h ly  doped n**" re g io n  occurs by 
d if fu s io n  and in  th e  d e p le te d  la y e r  c a r r i e r s  w i l l  be r a p id ly  s e p a ra te d  
by th e  s tro n g  e l e c t r i c  f i e l d ,  w ith  th e  r e s u l t  t h a t  h o le s  d r i f t  in  th e  
p o s i t iv e  X d i r e c t io n  and th e  e le c tro n s  in  th e  n e g a tiv e  x  d i r e c t io n .  
The a n a ly s is  assumes t h a t  in  th e  n la y e r  o n ly  h o le  t r a n s p o r t  c o n tr ib u te
to  th e  c u rre n t under th e  re v e rse  b i a s .
The c a r r i e r  t r a n s p o r t  in  th e  d e p le t io n  re g io n  i s  by th e  d r i f t  
mechanism due to  th e  s tro n g  e l e c t r i c  f i e l d .  The m otion o f  b o th  
e le c tro n s  and h o le s  causes an induced  c u rre n t in  th e  e x te rn a l  c i r c u i t  
acco rd in g  to  Shockley-Ramo theorem .
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In  o rd e r  to  in v e s t ig a te  th e  in f lu e n c e  o f  th e  n la y e r  on th e  
perform ance o f  EBS d e v ic e s , we w i l l  f i r s t  c o n s id e r th e  d if f u s io n  
p ro cess  in  t h i s  la y e r .  This w i l l  th e n  h e lp  us t o  c a lc u la te  th e  
e f f e c t  o f  t h i s  la y e r  on th e  g a in , frequency  resp o n se  and th e  resp o n se  
tim e o f  th e  d io d e ,
2,h.  D if fu s io n  o f  Holes in  th e  N*** C ontact Layer
Let us c o n s id e r a  th ic k n e ss  dx and a u n i t  c ro s s - s e c t io n  o f
+ . th e  n la y e r  o f  th e  d iode as shown in  F ig u re  2 .3
conduction  hand
dx
N(x )
Ec
X + dx
donors
n ty p e  o f s i l i c o n
EV
va lan ce  hand
F ig u re  2 .3  Schem atic i l l u s t r a t i o n  o f  th e  
c o n tin u ity  e q u a tio n .
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The volume of the region is dx, the hole concentration in it
i s  p ( x , t ) ,  and th e  t o t a l  number o f  h o le s  i s  p ( x , t )  dx. A change 
in  th e  number o f  h o le s  in  th e  re g io n  under s tu d y  in  tim e d t  may 
be w r i t t e n  as
' {p(x,t + dt) -  p(x,t)} dx = 1^ dxdt (2.6)
The change occurs: as a  r e s u l t  o f  th e  fo llo w in g  th re e  p ro cesses
F i r s t l y ,  in  tim e  d t  th e  bombarding e le c tro n s  g e n e ra te s  
Ggdxdt h o le s .
Secondly , th e  change in  th e  number o f  c a r r i e r s  as a  r e s u l t  o f  
b u lk  reco m bination  w i l l  be - ( p / s )  d x d t, where ç i s  th e  l i f e - t im e  
o f  h o le s  in  n"^  r e g io n . The c a r r i e r s  l i f e - t im e  may be d e fin ed  as th e  
mean tim e sp en t by excess e le c tro n s  and h o le s  in  th e  conduction  and 
v a la nce band. They a c tu a l ly  depend on th e  ca re  tak en  in  th e  c r y s ta l  
growth and do n o t u s u a lly  exceed a few hundred m icroseconds. But 
tim es can be changed by e le c tro n  bombardment, s in c e  e le c tro n  i r r a d i a t i o n  
in tro d u c e s  energy  le v e l s  in  th e  band gap. In  e le c tro n  bombarded 
n -ty p e  s i l i c o n ,  th e  b^A V iour o f  th e  l i f e - t im e  as a fu n c tio n  o f  
bombardment i s  g iven  by Wertheim He found th e  l i f e - t im e  d ecreased
to  50 nanoseconds.
T h ird ly , N ( x , t )  d t  h o le s  flow  in to  th e  re g io n  a c ro ss  th e  
boundary d e fin e d  by th e  p lan e  x , in  tim e d t .  N ( x , t )  i s  th e  h o le  
f lu x  in  (cm^ s e c ^ ) ,  in to  th e  reg io n  in  th e  d i r e c t io n  o f  in c re a s in g  x .
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In  t h i s  same tim e , N (x + d x , t )  d t h o le s  flow  ou t a c ro ss  th e  
boundary d e fin e d  by th e  p la n e  x  + dx. The change in  th e  number o f  
h o le s  in  th e  g iven  volume as a  r e s u l t  o f  th e  d if f e r e n c e  between th e  
incoming and ou tgo ing  f lu x  w i l l  be eq u a l to
{N(x) -  N(x + dx)} d t = dx d t (2 .7 )
The t o t a l  change in  th e  number o f  h o le s  in  th e  g iven  volume 
ta k in g  a l l  th re e  p ro cesses  in to  account w i l l  be
| £  dx dt = (Gq -  1^ -  £) dx dt (2.8)
The h o le  f lu x  can be ex p ressed  as N = th e  c u rre n t d e n s ity
b e in g  ex p ressed  in  th e  case  o f  on ly  d if f u s io n  as
H  (2 -9 )
where D i s  th e  d if f u s io n  c o e f f ic ie n t  and e th e  e le c t r o n ic  charge 
c o n seq u en tly , e q u a tio n  (2 .8 )  can be w r i t t e n  as
I t  " “ f  + G q  (x .t) (2.10)
This eq u a tio n  i s  known as th e  c o n tin u ity  e q u a tio n , which i s  th e
— 2h —
fundam ental eq u a tio n  u s e d  in  de term in ing  th e  ex p re ss io n  fo r  s t a t i c  
and tim e-dependen t c u r re n t g a in  i n  th e  n la y e r  due to  th e  c re a t io n  
o f h o le s  under v a rio u s  ty p es  o f  e le c tro n  bombardment. This c o n tin u ity  
eq u a tio n  now w i l l  be so lv ed  fo r  th e  fo llo w in g  c a s e s : -
a ) For th e  s te a d y  s t a t e  where th e  d iode  a c t iv e  a re a  i s  
under c o n s ta n t e le c tro n  bombardment, so t h a t  th e  excess c a r r i e r  
c o n c e n tra tio n  in  th e  re g io n  does n o t change.
b ) The in te n s i ty  o f th e  in c id e n t  e le c tro n  beam i s  m odulated 
s in u s o id a l ly ,
c ) S hort e le c tro n  p u lse s  c re a tin g  excess c a r r i e r s  in  th e
d io d e .
2 .U .I .  S o lu tio n  o f  th e  D iffu s io n  Equation  f o r  th e  S teady S ta te  
Case
In  th e  h ig h ly  doped f i e l d - f r e e  n'*' re g io n  o f  th e  d io d e , fo r  
th e  s te a d y  s t a t e  c a s e , 3 p /9 t = 0 , th e  h o le  d e n s ity  p p e r  u n i t
le n g th  IS  o b ta in ed  from th e  fo llo w in g  d if f u s io n  e q u a tio n :-
Q 2
D “ "f + Ggtx) = 0 . , fo r  x<R
(2.11)
D 1 ^ ^  -  “ . = 0 , fo r  x>E
-  2 5  -
We assume t h a t  th e  r a t e  o f  p a i r  p ro d u c tio n  Gq (x ) g iven  by eq u a tio n
(2 .4 )  i s  changing w ith  d is ta n c e  from  th e  diode s u rfa c e  to  a  dep th  
R and becomes z e ro .
The s o lu t io n  o f th e  d i f f e r e n t i a l  eq u a tio n  (2 .1 1 ) f o r  re g io n  
x<R and x>R fo r  th e  s t a t i c  case  a r e : -
{ a + e | - + Y | 2 ' + ' 5 | 3 - + 6 6  + 2y ^  , , X<E
(2 .12)
( ^ )  - ( ^ ) )
P j l  = Ce + Fe , x>E
Where L = /Dç" i s  th e  d if f u s io n  le n g th  and A, B, C, F a re  
c o n s ta n ts  which can be c a lc u la te d  from th e  fo llo w in g  boundary c o n d itio n s
a ) a t  th e  vacuum-diode in te r f a c e  (x -  O)
where S i s  th e  su rfa c e  recom bination  v e lo c i ty .
In  th e  case  o f  a  f r e e  su rfa c e  which has no e le c tro d e  a t ta c h e d , 
th e  t o t a l  c u r re n t  flow ing  th rough  t h i s  su rfa ce  must be eq u a l to  z e ro .
26 -
However, an eq u a l number o f  e le c tro n s  and h o le s  may re a c h  t h i s  s u rfa c e  
from  th e  b u lk  o f  th e  sem iconductor and recom bine t h e r e .  The number 
o f  h o le s  recom bining p e r  u n i t  a re a  p e r second Sp, i s  equal to  th e  
number o f  h o le s  a r r iv in g  a t  th e  sem iconductor su rfa c e  p e r u n i t  a re a  
p e r second . The p r o p o r t io n a l i ty  f a c to r  S i s  th e  su rfa c e  reco m bination  
v e lo c i ty  in  cm sec^ .
The su rfa c e  recom bination  v e lo c i ty  S depends on th e  manner 
in  which th e  sem iconductor su rfa c e  has been p re p a red . Treatm ent 
o f  th e  su rfa c e  w ith  s p e c ia l  e tc h a n ts  can reduce th e  v a lu e  o f  S.
However, a f t e r  a tim e , as a r e s u l t  o f su rfa ce  o x id a tio n  and gas a b s o rp tio n , 
th e  su rfa c e  recom bination  v e lo c i ty  in c re a se s  and reach es  a  s tead y  
v a lu e .
b ) a t  th e  ju n c tio n  (x = d)
p = 0
This boundary c o n d itio n  in d ic a te s  t h a t  as soon as th e  h o le s  a r r iv e  
to  th e  ju n c tio n  which i s  a t  a  d is ta n c e  d from th e  vacuum in t e r f a c e ,  
th e  s tro n g  e l e c t r i c  f i e l d  sweeps th e  h o le s  in to  th e  d e p le t io n  re g io n .
c) a t  a depth  R
p and - |^  a re  co n tin u o u s .
-  27 -
The r a t e  o f  p a i r  p ro d u c tio n  c re a te d  hy th e  e le c tro n  beam 
becomes zero  a t  a  dep th  R, and th e  number o f  c a r r i e r s  c ro s s in g  th e  
su rfa c e  a t  x  = R must be eq u al to  conserve th e  charge n e u t r a l i t y  
a t  t h a t  p o in t . A lso th e  d if f u s io n  c u rre n ts  would be e q u a l, s in c e  
th e  d if f u s io n  c o e f f ic ie n t  i s  assumed to  have th e  same v a lu e  th r o u ^ o u t  
th e  n^ re g io n .
There a re  now two cases  t o  be co n sid e red  fo r  th e  s o lu t io n  o f  
th e  d i f f u s io n  eq u a tio n . These s o lu tio n s  would be fo r  ranges o f  
e le c tro n  p e n e tr a t io n  sm a lle r  and g re a te r  th an  th e  th ic k n e ss  o f  n^ 
l a y e r .
CASE I  R < d
When th e  range o f  e le c tro n  p e n e tr a t io n  i s  sm a lle r  th an  th e  
th ic k n e ss  o f  th e  n l a y e r ,  th e  fo llow ing  boundary c o n d itio n s  a re  
used  to  c a lc u la te  th e  c o n s ta n ts  A, B, 0 and F : -
1) D = S P j a t  X = 0
2) P j j  = 0 a t  X = d
3) P j = p^^ a t  X = R
(2 .13 )
— 28 —■
The number o f  h o le s  c o l le c te d  a t  th e  ju n c tio n  p e r  u n i t  tim e  
fo r  each in c id e n t  e le c tro n  a c c e le r a te d  to  a  p o te n t i a l  i s  th e
g a in  o f th e  d io d e , and th e  amount o f  c a r r i e r s  c ro s s in g  th e  boundary 
X = d i s
X  = d
From th e  ex p re ss io n  fo r  th e  d e n s ity  p ^ ^ (x ) , th e  e x p re ss io n  fo r  
3 P jj /9 x  a t  X  = d i s  d e riv e d  and th e  g a in  G i s  c a lc u la te d  as
r  -  ^  ,L ' {(Y-KZ) s in h  R/L + (KY-Z) cosh E/L -  X} .
® pair ® K s in h  d /L  + cosh d/L U .J .4 ;
where
X = K (a  + -  I  (e +
Z = I  (g + 2y + 36 + ^ )
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I f  a l l  th e  p a ir s  produced, hy th e  beam v e re  c o l le c te d  th e n  
we /would ex pec t a  maximum d iode g a in  o f
°m- “ Ëp a i r
From eq u a tio n  (2 .1 4 ) we see t h a t  th e  maximum diode g a in  i s  
reduced  by a  f a c to r .  The lo s s  o f g a in  o f th e  d io d e , as compared 
to  th e  th e o r e t i c a l  maximum g a in  was assumed to  be due to  two p ro c e sse s : 
su rfa c e  recom bination  and b u lk  reco m b in atio n .
For a  s im p lif ie d  p a i r  c re a t io n  p r o f i l e  th e  g a in  can be o b ta in e d  
by s e t t i n g  a = 1 ,$  = y = 6 = 0 .  In  t h i s  case  i t  i s  assumed th a t  
th e  r a t e  o f  p a i r  p ro d u c tio n  c re a te d  by th e  e le c tro n  beam, i s  c o n s ta n t 
w ith  d is ta n c e  from th e  d iode su rfa c e  to  th e  dep th  R and th en  
suddenly  becomes zero  as shown in  F igu re  ( 2 .4 ) .
n la y e r
p a i r
x=R x=d
F ig u re  2 .4  S im p lif ie d  p a i r  c re a t io n  p r o f i l e ,
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This c r e a t io n  p r o f i l e  i s  used  hy Brown to  c a lc u la te  th e
g a in  o f  th e  d io d e . When a s im p lif ie d  model i s  co n sid e red  th e  eq u a tio n
( 2 . i 4) reduces to  th e  e x p re ss io n  (3) in  re fe re n c e  (23) a s .
r  -  r  L {sinh  B/L + K (cosh R/L -  l ) }  , .
m R K s in h  d/L  + cosh d/L  U . l> ;
Expanding s in h  and cosh term s eq u atio n  (2 .1 4 ) can he w r i t te n
as : -
. . .  V - -
where
-  31 -
When th e  d if f u s io n  le n g th  i s  g r e a te r  th an  n*** la y e r  th ic k n e ss  
and th e  p e n e tr a t io n  d ep th , (d < 0 .3 L ) , th e  approxim ate diode ga in  
over which th e se  ex p re ss io n s  w i l l  be c o r re c t  to  w ith in  i s  g iven 
by
(2 .1 7 )
* ^ 1 -  (^1 I  ^ s a / f  -  ^2 I ? )
CASE I I  . E > d
When.the range o f  e le c tro n  p e n e tr a t io n  i s  g r e a te r  th a n  th e  
dep th  o f  th e  n l a y e r ,  th e  e le c tro n -h o le  p a i r s  a re  c re a te d  n o t on ly  
in  th e  n l a y e r ,  h u t as w e ll in  th e  p d r i f t  re g io n . T herefo re  th e  
t o t a l  ga in  i s  th e  sum o f th e  ga in  in  b o th  la y e r s .  The gain  in  th e  
^  l^yG r i s  c a lc u la te d  from th e  s o lu tio n  o f  th e  d if fu s io n  eq u a tio n  
u s in g  th e  fo llo w in g  boundary c o n d itio n s
9p.
(2 . 18)
2) P j  = 0 a t  X = d
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The ex ac t s o lu t io n  f o r  th e  g a in  due to  th e  c a r r i e r s  g en era ted  
in  th e  n la y e r  i s  g iven  hy th e  fo llo w in g  ex p re ss io n  f o r  th e  measured 
e le c tro n -h o le  p a i r  c re a t io n  p r o f l i e : -
^ ,L v  {(Y» -  KZ*) s in h  d/L  + (KY» -  Z») cosh d/L  -  X}
V  "  ^m ” ■ K s in h  d/L + cosh d /L
where
K -=
Z* -  I  (6 + 2y |  + 36 | z  +
For th e  s im p lif ie d  p a i r  p ro d u c tio n  p r o f i l e  shown in  F igu re
(2 .5 )  (a = 1 , g = Y = 6 = 0) t h i s  ex p re ss io n  ta k e s  th e  form
^ ^ { sin h  d/L  + K (cosh d/L  -  l ) }  fn
V  "  %  ¥  K s in h  d/L + cosh d/L------
. —: 33 -
n la y e r p la y e r
p a i r
0 x=d x=R
F ig u re  2 .5  S im p lif ie d  p a i r  c re a t io n  p r o f i l e
Expanding s in h  and cosh term s eq u a tio n  (2 . 1 9 ) can he 
w r i t t e n  a s : -
4 * D * Î2- ^  (a^ + | i  t p  + -------- }
1 + Sd/3D , >
1 + Sd/D ----- -
(2.21)
-  3U -
where
-2 = I t (f -  ! f  -  # + # ( # ) ' )  = &  (! + # i  + # +  # ) ' )
3 = ir  (# + # #  + K ) -  # ) ' )  3^ = IT 'f  -  f  f  + # f +  # ) ' )
When th e  d if f u s io n  le n g th  i s  g r e a te r  th an  th e  n**" la y e r  th ic k n e s s  
and th e  p e n e tr a t io n  d ep th , (d < 0 .3  L ) , th e  approxim ate s o lu t io n  
fo r  th e  g a in  in  th e  n"*" la y e r  i s  g iven  h y ,
(2 . 22)
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Ih ë  c o n tr ih u t io n  to  th e  g a in  due to  e le c tro n -h o le  p a i r s  c re a te d  
in  th e  d e p le t io n  la y e r  i s  c a lc u la te d  from th e  p o r tio n  o f  th e  in c id e n t  
energy  which f a l l s  w ith in  th e  p re g io n . T h e re fo re ,
S  = a ^  Gg(x) ax , .  (1 -  I  a j )  (2.23)
The t o t a l  g a in  i s  th e  sum o f th e  g a in s  in  h o th  la y e r s .
From th e  s o lu tio n  fo r  ran g es  o f  e le c tro n  p e n e tr a t io n  sm a lle r  
•and g re a te r  th a n  th e  th ic k n e ss  o f  th e  n l a y e r ,  one can deduce th a t  
th e  s t a t i c  g a in  o f  a  p -n  ju n c tio n  under e le c tro n  homibardment i s  a 
fu n c tio n  o f  th e  fo llo w in g  p a ra m e te rs : -
l )  n**" la y e r  th ic k n e ss  o f th e  d io d e , d .
2) P e n e tra tio n  d ep th , R, o f th e  in c id e n t  e le c tro n  in to  th e  
Sem iconductor and to  th e  shape o f  th e  e le c tro n -h o le  p a i r  g e n e ra tio n  
p r o f i l e
3) To th e  d if fu s io n  le n g th  L = which determ ines th e  
lo s s  due t o  h u lk  reco m b in a tio n , and th e  s u rfa c e  recom bination  v e lo c i ty  
which determ ines th e  lo s s  o f  c a r r i e r s  a t  th e  vacuum in te r f a c e  o f
th e  d io d e . . A v ery  im p o rtan t q u a n tity  i s  th e  d im ension less  param eter
— 3 6  —
Energy re q u ire d  to  c r e a te  one e le c tro n - h o le  p a i r ,  E .p a i r
w hich i s  a  c h a r a c t e r i s t i c  v a lu e  o f  th e  m a te r ia l  under bombardment.
In  F ig u re  2 .6  t h e o r e t i c a l  cu rves f o r  th e  d iode c u r re n t  g a in  6 
vs ju n c t io n  d ep th  a re  p re s e n te d  u s in g  d i f f e r e n t  v a lu e s  o f s u rfa c e  
reco m b in a tio n  v e lo c i t i e s  • The dashed curves re p re s e n t  th e  g a in  f o r  
th e  s i n ç l i f i e d  e le c tro n - h o le  p a i r  c r e a t io n  fu n c t io n .
2 .^ .2 .  S o lu tio n  o f  th e  D if fu s io n  E quation  f o r  T a rg e ts  under I n te n s i ty
M odulated E le c tro n  Beam Bombardment
We n e x t c o n s id e r th e  freq u en cy  l im i ta t io n s  o f  th e  sem iconductor 
t a r g e t s  under i n t e n s i t y  m odulated  e le c t ro n  beam bombardment, and 
i t  w i l l  be deduced from th e  fo llo w in g  c a lc u la t io n  t h a t  th e s e  
freq u en cy  l im i t a t i o n s  a re  s im i la r  to  th o se  r e s u l t s  from th e  d ecrease  
o f  th e  t r a n s p o r t  f a c to r  in  th e  base  o f  a  b ip o la r  t r a n s i s t o r  a t  h ig h  
f r e q u e n c ie s .
L et us now assume t h a t  th e  e le c tro n - h o le  p a i r  c r e a t io n  in  
th e  sem iconductor i s  n o t o n ly  p o s i t io n  dependen t, b u t as v e i l  changing 
in  tim e  w ith  a  con$)lex tim e fu n c tio n  f ( t )  = e^^^ , where o) = 2?rf
and- f  i s  th e  freq u en cy  o f m o d u la tion .
The h o le  d e n s ity  p  p e r  u n i t  le n g th  f o r  re g io n  x  < R and
X  > R a re  now o b ta in e d  from  th e  tim e-d ep en d en t d i f f u s io n  e q u a tio n
(2 .1 0 )  as
-  37 -
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p .  =
^ ' ® pair
+ ^  , x<B
(2 .2 4 )
( ^ )  :  ( ^ )
P jl . -  Ce + Fe , x>E
where
^ (1  + i(0Ç )l/ 2  ’ ^
The o n ly  d if fe re n c e  between eq u a tio n  (2 .2 4 ) and eq u a tio n  
(2 .12 ) i s  th e  d if f u s io n  le n g th . In  t h i s  case  th e  d if f u s io n  le n g th  
L i s  d ec reased  and must be tran sfo rm ed  as
L
(1 + iü)Ç)^/2
Now th e re  a re  ag a in  two cases  to  be co n s id e re d .
CASE I  R < d
U sing eq u a tio n  (2 .1 6 ) and making th e  above m entioned
tra n s fo rm a tio n  fo r  th e  d if f u s io n  le n g th ,  fo r  range o f  e le c tro n  p e n e tr a t io n
sm a lle r  th a n  th e  depth  o f  th e  n l a y e r ,  th e  dynamic c u rre n t g a in  G
t
'- 39 -
i s  g iven  by th e  fo llo w in g  e x p re s s io n :-
Where G i s  th e  s t a t i c  g a in  g iven  by eq u a tio n  (2 .1 7 ) and.
= 1 /D+Sd/3\Z 1^  D^+8d/5^  R^>^Da2 + SRb2^ 2  ^/Dag + SRbg,,
” ¥  T+Sd ” 12 D^+Sd ' “ d  ^ Dai + SRbi' ” 3 a i  + SRbi^ "^
»■« ë <1 ^  igrS>Dai + Rbi‘
The frequency  f^  a t  which th e  m agnitude o f  th e  tim e dependent 
c u r re n t  g a in  i s  A p e rc e n t sm a lle r  th an  th e  s t a t i c  g a in , i s  g iven  
by th e  fo llo w in g  r e l a t i o n
CASE 2 R > d
U sing eq u a tio n  (2 .2 1 ) and making th e  above m entioned tra n s fo rm a tio n  
f o r  th e  d if f u s io n  le n g th ,  f o r  range o f  e le c tro n  p e n e tr a t io n  g re a te r  
th a n  th e  dep th  o f th e  n"** la y e r ,  th e  dynamic c u r re n t  ga in  G^, due to  ,
- :4 o  -
e le c tro n -h o le  p a i r  c re a t io n  in  th e  n la y e r  i s  g iv en /b y  th e  
e x p re s s io n :-
'^t = >  (2 .27 )
where G i s  th e  s t a t i c  g a in  g iven  hy eq u a tio n  (2 .2 2 )
e ' , = 2B' -  A' , 0 ' = IDÇ A'
(y| - yg) (Da^ + Sd-b|) - (Da^ + Sdt^ - (Da' + Sdt.')
B' .=  ------------- :-------- ----------------- ---------------------------------------------------
D + 8d - ^  (a^ - B{)
y , (DaJ + Sdb ' ) -  (Dal + S d t ')  1/2
■' =          • (#)D + Sd -  (aj^ -
_ 1 D + Sd/3 ,  1 D + Sd/5
“ 2 D + Sd ’ ^2 24 D + Sd
4 l , —
The freq u en cy  f^  a t  which th e  m agnitude o f  th e  tim e dependent 
c u r re n t  g a in  i s  A p e rc e n t  sm a lle r  th an  th e  s t a t i c  g a in , £ i s  g iven  
hy th e  fo llo w in g  r e l a t i o n
The degrad ing  e f f e c t  o f  in c re a s in g  frequency  on th e  g a in  i s  
a consequence o f th e  d ecrease  o f th e  e f f e c t iv e  d i f f u s io n  le n g th  
L / ( l  + iü )ç)^ /^  w ith  in c re a s in g  freq u en cy . This e f f e c t  i s  analogous 
to  th e  d ecrease  o f  th e  t r a n s p o r t  f a c to r  3 in  th e  h a se  o f a  b ip o la r  
t r a n s i s t o r  a t  h ig h  f re q u e n c ie s . To avo id  ex cessiv e  d e g ra d a tio n  o f 
o u tp u t w ith  freq u en cy , a s a fe  th e o r e t i c a l  l im i t  fo r  th e  dep th  o f  
ju n c tio n  can he c a lc u la te d  hy u s in g  th e  ahove r e la t io n s h ip .
F igure  (2 .7 )  shows th e  frequency  f^  a t  which dynamic c u r re n t  g a in  
i s  50 p e rc e n t sm a lle r  th a n  th e  s t a t i c  ga in  as a fu n c tio n  o f  ju n c tio n  
dep th  when th e  d iode i s  homharded w ith  10 KeV e le c tro n s  which 
p e n e tr a te  1 m icron f o r  th e  two d i f f e r e n t  su r fa c e  recom bination  
v e lo c i t i e s  S .
-  1+2 -
F ig u re  2 .7  Frequency a t  v h ich  Dynamic C u rren t Gain i s  
50 p e rc e n t sm a lle r  th an  S ta t i c  Gain as a 
F u nction  o f  Ju n c tio n  Depth
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2 .4 .3 .  S o lu tio n  o f  th e  D iffu s io n  Equation  f o r  T arg e ts  Under P u lsed  
E le c tro n  Beam Bombardment
. - , r •; + ■ ■
D iffu s io n  in  th e  n low f i e l d  re g io n  i s  a  r e l a t i v e l y  slow
p ro c e ss  compared to  th e  t r a n s i t  tim es in  th e  h i ^  f i e l d  re g io n .
Now our aim i s  to  f in d  out how th e  n^ la y e r  em pties i t s e l f  t o  th e
a d ja c e n t h ig h  f i e l d  re g io n  a f t e r  c re a t io n  o f  e le c tro n -h o le  p a i r s  by
an e le c t ro n  p u lse  a t  a  tim e t  = 0 .
We now may a ttem p t to  f in d  a s o lu tio n  o f  th e  tim e dependent 
d i f f u s io n  eq u a tio n  (2 .10 ) by l e t t i n g  th e  d e s ire d  s o lu t io n  be a 
sum o f term s each o f  which has th e  form  X (x ) .T ( t ) ,  where X and T 
a re  fu n c tio n s  o f  x  and t  r e s p e c t iv e ly .  The id e a  i s  to  c o n s tru c t  
fu n c tio n s  o f  t h i s  form which s a t i s f y ' th e  d i f f e r e n t i a l  eq u a tio n  and 
th e  boundary c o n d itio n s . By su p e rp o s itio n  o f  th e se  f u n c t io n s , one 
th en  s a t i s f i e s  th e  i n i t i a l  c o n d itio n s .
On s u b s t i tu t in g
p ( x , t )  = X (x ) .T ( t)  (2 .2 9 )
in  th e  d i f f u s io n  eq u ation  (2 .1 0 ) we o b ta in
1 3T (t) ^ 1 D
T " I t —  + Ç = X 3 ^ (2 .3 0 )
L e f t hand s id e  o f  eq u ation  (2 .30 ) i s  an ex p re ss io n  depending on t  on ly
-  44 -
w h ile  th e  r i g h t  hand s id e  depends on x o n ly . They can he eq u al 
o n ly , i f  e i t h e r  one i s  eq u a l to  th e  same c o n s ta n t, independen t o f  
X  and t  w hich , f o r  convenience we s h a l l  choose to  he: Thus
we o b ta in  th e  o rd in a ry  d i f f e r e n t i a l  eq u a tio n s
(2 .3 1 )
w ith  th e  s o lu tio n s
T = exp -  (X^D + ~) t
X = A s in  (Xx) + B cos (Xx)
(2 . 32 )
O bviously X^>0, i f  th e  s o lu tio n  i s  to  rem ain f i n i t e  f o r  a l l  
v a lu es  o f  t .  The f u r th e r  r e s t r i c t i o n s  on X would come from  th e  
i n i t i a l  and boundary c o n d it io n s , so t h a t  i t s  v a lu es  now w i l l  be 
r e s t r i c t e d  to  an i n f i n i t e  s e t  o f  d is c r e te  p o s i t iv e  v a lu e s . T h ere fo re  
th e  most g e n e ra l s o lu t io n  w i l l  be re p re se n te d  by an i n f i n i t e  sum 
over th e  d i s c r e te  v a lu es  o f  X. A lso th e  a r b i t r a r y  c o n s ta n ts  A and B 
must be determ ined  in  such a way as to  conform w ith  th e  i n i t i a l  and 
boundary c o n d itio n s
-  4-5 —
We s h a l l  now t r e a t  examples which have p r a c t i c a l  im portance
to  u s . A s la b  o f  n la y e r  w ith  a  th ic k n e ss  d , hav ing  an i n i t i t a l
c o n c e n tra tio n  Gq(x ) a t  a  tim e t  = 0 due to  th e  e le c tro n  bombardment
The c o n c e n tra tio n s  a t  i t s  fa c e s  a re  b e in g  k e p t a t  zero  fo r  t> 0 , i . e . ,
th e  su rfa c e  recom bination  a t  b o th  fa c e s  i s  i n f i n i t e .  T h erefo re  in  
+  ■ .th e  n re g io n  th e  i n i t i a l  and boundary c o n d itio n s  a r e .
p = Gq (x ) , f o r  0<x<d , a t  t  = 0
(2 . 32)
p = 0 , f o r  X  = 0 and x = d , a t  t> 0
We see  from  eq u a tio n  (2 .32 ) t h a t  th e  boundary c o n d itio n s  a re  f u n f i l l e d
fo r
B = 0 , X, = (2 .3 3 )
T h erefo re  th e  most g e n e ra l s o lu t io n  i s  o f  th e  form
p ( x , t )  = A^ exp ( -  2 ^ 1 ^  -  |-) s in  ( ^ )  (2 .3 4 )
n= l
The a r b i t r a r y  c o n s ta n ts  A^, now, must be determ ined  in  such 
a  way as to  conform w ith  th e  i n i t i a l  c o n d it io n s , i . e . ,  f o r  t  = 0 
we must have
-  46 -
G«(x) -  Z A s in  ( ^ ~ )  , f o r  0<x<d (2 .3 5 )
^ n = l ^
A s o lu t io n  may be o b ta in ed  by u s in g  F o u r ie r ’ s theo rem ,:w h ich  • 
le ad s  to
= I 0/  s in  ( S S )  ax  (2 .3 6 )
For th e  e le c tro n -h o le  p a i r  c re a t io n  p r o f i l e  G ^(x ), A^ would be
\  °  ^E E ^ .  ) (2 .3 7 )p a i r
where
-  2y + ( (Z&) (2y + 6S  | )
-  (ct + B ^  + Y ^  + 5 ^ )  ) cos (nir)
The s o lu t io n  o f  th e  d i f f u s io n  eq u a tio n  w ith  th e s e  i n i t i a l  
and boundary c o n d itio n s  i s  th en  g iven  by
2K
F K t )  = • E -  s in  ( S S )  . T ( t )  (2 .3 8 )
p a i r  n= l
-  l+T -
where
The amount o f  c a r r i e r s  c ro s s in g  th e  boundary a t  x = d i s
j ( t )  = i ) | |
X  =  d (2 .3 9 )
and from th e  ex p re ss io n  fo r  th e  d e n s ity  d i s t r i b u t io n ,  p ( x , t ) ,  th e  
e x p re ss io n  fo r  9p/3x a t  x = d can be d e riv e d  and J ( t )  can be 
c a lc u la te d  as
2RD
J ( t )  . = g g -V   2 ( -1 )“  . . T ( t)  (2.1*0)
p a i r
The number o f c a r r i e r s  l o s t  from th e  n**" la y e r  in  th e  tim e 
i n t e r v a l  t  = 0 to  t  = t  to  th e  p d r i f t  re g io n  i s  th e  tim e 
dependent g a in  which i s  g iven  by
2K
Gr(t) = E . 0 ^  ^
n= l
- 4 8  —
o r
a  “  ( -1 )“
= Ë— #  2 + a  ^ M t )  -1) (2.1*1)
n= l
In  o rd e r to  u n d e rs tan d  th e  p h y s ic a l s ig n if ic a n c e  o f  eq u a tio n  
(2 .4 i ) l e t  us c o n s id e r th e  s im p lif ie d  e le c tro n -h o le  p a i r  c re a t io n  
p r o f i l e  ( a = l ,  g = y = 5 = O) and assume h u lk  recom bination  i s  
n e g l ig ib le .  When t  ->■ «
» < « >  -  :  ( l y . . . . )  ( 2 A 2 )
lim  t  « p a i r  ^n = l
Since Z ( l  -  cos n ir)/n^  = tt^ /4 th e  g a in  would be
n= l
G (t) = I  I  (2.1*3)
p a i r
When th e  p e n e tr a t io n  and th e  ju n c tio n  depth  a re  eq u a l to  each 
o th e r ,  i t  i s  obvious t h a t  th e  p r o b a b i l i ty  o f  th e  c a r r i e r s  to  d i f f u s e  
to  th e  s u rfa c e  and to  th e  ju n c tio n  i s  f i f t y  f i f t y .  F i f ty  p e rc e n t 
o f th e  c a r r i e r s  would be l o s t  a t  th e  su rfa c e  and th e  o th e r  f i f t y  
p e rc e n t would c o n tr ib u te  to  th e  c u r re n t .  The te rm  d/R in  e q u a tio n  
(2 .4 3 ) g iv es  th e  r a t i o  o f  th e  c a r r i e r s  c re a te d  in  th e  n^ l a y e r .
-  It9 -
For the case of in fin ite , si^face recombination Yelbcity
th e  s o lu t io n  f o r  th e  c a r r i e r  d e n s i ty  d i s t r ib u t io n  i s  shown in  
F ig u re  2 .9 ,  from which i t  can he  seen  th a t  th e  c a r r i e r s  i n i t i a l l y  
c re a te d  a t  tim e t  = 0 (dashed curve) d if f u s e  and th e y  a ls o  recom bine. 
F ig u re  2 .10  shows th é  amount o f  c a r r i e r s  c ro s s in g  th e  ju n c tio n  a t  
X = d and th e  amount o f c a r r i e r s  c o l le c te d  by th e  d io d e . These 
F ig u res  in d ic a te  th a t  th e  tim e n e ce ssa ry  to  empty th e  la y e r  i s  
about 2 n s .
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F ig u re  2 .9  C a r r ie r  d e n s ity  d i s t r ib u t io n  a t  d i f f e r e n t  tim es f o r  
i n f i n i t e  su rfa c e  recom bination
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F ig u re  2 .10  The amount o f c a r r i e r s  c ro s s in g  th e  ju n c t io n ,  J ( t )  
The amount o f c a r r i e r s  c o l le c te d  by th e  d io d e , G (t)
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We n ex t c o n s id e r th e  problem  in  v h ich  th e re  i s  no flow  o f  p a r t i c l e s  
a t  X = 0 , i . e . ,  th e  su rfa c e  recom bination  v e lo c i ty  i s  zero  a t  th e  s u r fa c e . 
The s o lu t io n  o b ta in e d  f o r  t h i s  example u sin g  on ly  th e  co sin e  term s in  
e q u a tio n  (2 . 3 2 ) would be
p(x,t) = Z B , T(t) . cos (t) x) (2.UU)
' n=0 “ “
where
b^ = (2n + 1 ) Tr/2dn
T(t) = exp (-Da^^t - t/ç)
For the electron hole-pair creation profile Gq (x ), would be
®n ) ksn  + 1 )tt^ (2.1*5)
pair
where
n n n n
The solution of the diffusion equation for the particle density with the 
initial creation Gq (x ) and assuming no loss of carriers due to surface 
recombination is then given by
-  52 -
p ( x , t )  -  jjg _ Z ^2n + 1 )^  •  ^ 2d  ^  ^ (2.U6)
The amount o f  c a r r i e r s  c ro s s in g  th e  boundary a t  x  = d u sin g  
eq u a tio n  (2 . 3 9 ) i s
2E.D
J ( t )  = -    Z (-1 )“ . . T(t) (2.1*7)
V
+The amount o f  m a te r ia l  l o s t  from th e  n la y e r  in  th e  tim e  in te r v a l  
t  = 0 t o  t  = t  t o  th e  p d r i f t  re g io n  i s  th e  tim e dependent g a in  which 
i s  g iven  by
8E.L2 . “  ( -1 )"  I
(f) : + 1)w  + i*d^ -1) (2.W)
n=0
In  o rd e r t o  u n d ers tan d  th e  p h y s ic a l s ig n if ic a n c e  o f  eq u a tio n  (2 .48 ) l e t  
us ag a in  c o n s id e r th e  s im p lif ie d  e le c tro n -h o le  p a i r  c re a t io n  p r o f i l e  
<Ca=l, g=Y=6=0 ) and assume b u lk  recom bination  i s  n e g lig a b le . When t  ->• «>
.
l i .  .  ^  ^  I  < = - ‘ 5 )
5m ce th e r e  i s  no recom bination  in  th e  n la y e r  due t o  b u lk  and 
s u rfa c e  recom bination  a l l  o f th e  c a r r i e r s  would be c o l le c te d .
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For th e  case  o f  su rfa c e  recom bination  v e lo c i ty  i s  zero  th e  
s o lu t io n  fo r  th e  c a r r i e r  d e n s i ty  d i s t r ib u t io n  i s  shown in  F ig u re  
2 .1 1 , from  which i t  can be seen  th a t  th e  c a r r i e r s  i n i t i a l l y  c re a te d  
a t  tim e t  = 0 (dahed cu rve) d i f f u s e  and th e y  a ls o  recom bine. 
F ig u re  2 .12  shows th e  amount o f  c a r r i e r s  c ro s s in g  th e  ju n c tio n  a t  
X = d and th e  amount o f c a r r i e r s  c o l le c te d  by th e  d io d e . These 
F ig u res  in d ic a te  th a t  th e  tim e n e ce ssa ry  to  empty th e  n^ la y e r  i s  
about 3 n s .  T herefo re  i t  ta k e s  more tim e to  empty th e  n^ la y e r  fo r  
t h i s  c a se .
8 =  0
3
n la y e r = 16 .3  keV 
d=R=2.5 M icrons 
L=7.1 Microns
X 107
t= 0
t= 0 .1 n s
2
t = l . l  ns
•H
1 t= 2 .5  ns
•H
O
0
d /20 d
F igu re  2 .1 1  C a r r ie r  d e n s ity  d i s t r ib u t io n  a t  d i f f e r e n t  tim es fo r  zero  
su rfa c e  recom bination
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2 .5 • C a r r ie r  C u rre n ts •R e su ltin g  from  Electron-Bombardment
A fte r  th e  g en e ra tio n  o f  e le c tro n -h o le  p a i r s  hy th e  e le c t r o n -  
bombardment up to  a  range R in  th e  d io d e , th e  h o le s  v i l l  move to  
th e  r i ^ t  and e le c tro n s  to  th e  l e f t  a c ro ss  th e  i n t r i n s i c  d r i f t  re g io n , 
under th e  a c tio n  o f  th e  a p p lie d  e l e c t r i c  f i e l d .  The m otion o f  
e le c tro n s  and h o le s  th en  induces a  c u r re n t a t  th e  te rm in a ls  o f th e  
sam ple. The c u rre n t can be most sim ply  c a lc u la te d  in  c ircum stances 
where th e  e l e c t r i c  f i e l d  i s  c o n s ta n t so t h a t  th e  c a r r i e r s  t r a v e r s e  
th e  d iode  d e p le t io n  re g io n  w ith  c o n s ta n t average v e lo c i t i e s .  The 
v a lu e  o f  t h i s  induced  c u rre n t i s  g iven  by th e  Ramo-Shockley theorem  
which s t a t e s  t h a t  a  charge q. t r a v e l l i n g  w ith  v e lo c i ty  v  between 
p la te s  s e p a ra te d  by a d is ta n c e  W induces a te rm in a l c u r re n t  I  
g iven  by
I  = (2 .5 0 )
A pplying t h i s  theorem  to  th e  h o le s  and e le c tro n s  g en e ra ted  
in  th e  d e p le t io n  la y e r  we see  t h a t  th e  c u r re n t  flow s u n t i l  a l l  th e  
h o le s  re a c h  th e  p and th e  e le c tro n s  t o  th e  n^ c o n ta c t re g io n s .
The e le c tro n s  w i l l  d isap p ea r in  th e  n**" la y e r ,  b u t in  a d d it io n  th e  
h o le s  c re a te d  in  t h i s  la y e r  would d if f u s e  to  th e  ju n c tio n  and e n te r  
in to  th e  d r i f t  re g io n  c o n tr ib u tin g  t o  th e  induced c u r re n t  a t  th e  
te rm in a ls  o f th e  d e v ice .
We would now c o n sid e r th e  c o n tr ib u tio n  o f  h o le s  and e le c tro n s
- 5 6
to  th e  c u r re n t  s e p a ra te ly .
2 .^ .1 .  C o n tr ib u tio n  due to  Holes C reated  in  th e  p Layer
A fte r  th e  g e n e ra tio n  o f  h o le s  w ith  a p a i r  c re a t io n  p r o f i l e
Gq (x ) in  th e  p la y e r  th e  h o le s  t r a v e r s e  to  th e  r i g h t  ( p o s i t iv e
x - d ir e c t io n )  i f  th e  a p p lie d  e l e c t r i c  f i e l d  i s  in  th e  p o s i t iv e  
x -d i r e c t io n  as shown in  F igu re  (2 .1 3 ) . The whole package o f  th e  
c re a te d  h o le s  under th e  a p p lie d  e l e c t r i c  f i e l d  moves a  d is ta n c e  v ^ t 
in  tim e t .  Our aim i s  to  f in d  th e  a rea  under th e  curves a t  d i f f e r e n t  
t im e s , i . e . ,  we want to  f in d  th e  number o f  h o le s  p re s e n t in  t h i s  
la y e r  a f t e r  a  tim e t  and u s in g  Ramo-Shockley theorem  to  c a lc u la te  
th e  induced  te rm in a l c u r r e n t . In  th e  p la y e r  a t  t  = 0 th e re  
a re  Gq(x ) dx h o le s . But fo r  t> 0  some o f  th e  h o le s  le av e  th e
re g io n  and a t  t  = v^/W th e re  would be no h o le s  l e f t .
The c o n tr ib u tio n  o f  th e  moving h o le  package would th e n  be 
g iven  by
— y  g q (x ) t a 0 < t  <W-(R-d)
< 2-
(2 .5 1 )
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S .5 '2*  C o n tr ib u tio n  due to  E le c tro n s  c re a te d  in  th e  p Layer
In  avalanche d iodes which we w i l l  he d e a lin g  w ith  in  g re a t  
d e t a i l  l a t e r  in  t h i s  t h e s i s , th e  a p p lie d  e l e c t r i c  f i e l d  can c re a te  
a  v e ry  narrow  h i ^  f i e l d  re g io n  n e a r th e  ju n c tio n  such th a t  an 
e le c t ro n  o r  h o le  e n te r in g  t h i s  narrow  re g io n  can absorb  enough 
energy  from th e  f i e l d  t o  make an in ç a c t  io n iz in g : c o l l i s i o n  w ith  a  
bound e le c t r o n .  For th e  tim e b e in g  l e t  us on ly  c o n s id e r any c a r r i e r s  
e n te r in g  in  t h i s  narrow re g io n  would be a m p lif ie d  by a  f a c to r  M.
A fte r  th e  g e n e ra tio n  o f  e le c tro n s  w ith  a p a i r  c r e a t io n  p r o f i l e  
Gq(x) in  th e  p la y e r ,  th e  e le c tro n s  t r a v e r s e  to  th e  l e f t  (n eg a tiv e  
X d i r e c t io n )  under th e  a p p lie d  e l e c t r i c  f i e l d  which i s  in  th e  
p o s i t iv e  X  d i r e c t io n  as shown in  F ig u re  (2 .1 4 ) . The e le c tro n s  
e n te r in g  th e  narrow avalanche zone would now produce e le c t r o n -  
h o le  p a i r s  by im pact io n iz a t io n  and th e  h o le s  produced by avalanche 
m u l t ip l ic a t io n  would t r a v e l  to  th e  r i ^ t  in  th e  d e p le t io n  re g io n  
and c o n tr ib u te  as w e ll to  th e  c u r re n t  a t  th e  te rm in a ls  o f  th e  d io d e .
T h ere fo re  th e re  a re  two c o n tr ib u tio n s  t o  th e  te rm in a l c u r re n t  
due to  e le c tro n s  i n i t i a l l y  c re a te d  by e le c tro n  bombardment.
i )  Using Ramo-Shockley theorem  th e  i n i t i a l  package o f  
e le c tro n s  moving a d is ta n c e  v ^ t ,  where v^ i s  th e  
v e lo c i ty  o f  e le c t r o n s ,  c o n tr ib u te  to  th e  te rm in a l c u r re n t  
as
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R
^2 = - r  ;  ^V t+ d  e
0  < t  <
R-d
( 2 . 5 2 )
i i )  The h o le s  c re a te d  due to  th e  e le c tro n s  e n te r in g  in to  
th e  avalanche zone and m u lt ip l ie d  by a  f a c to r  
c o n tr ib u te  t o  th e  te rm in a l c u r re n t as
h  .
“ e - l f  /d
Gq(x ) dx
qv, R
I 3 = ^ “ e —  /  ° o W  ^d
M
R
/  „  G^(x) dx
a+VgCt- — )
h
0 < t  < R-d
R-d < t  < ^  (2 . 5 3 )
2 . 5 . 3 . C o n tr ib u tio n  due to  Holes D iffu s in g  from th e  n  Layer
We have a lre a d y  c a lc u la te d  th e  amount o f  c a r r i e r s  c ro s s in g  
th e  boundary a t  x  = d from th e  n la y e r  in to  th e  p d r i f t  r e g io n . 
The mount o f  c a r r i e r s  i s  g iven  by eq u a tio n  (2.4o) f o r  8 = 0 and 
by eq u a tio n  (2 .4 ? ) fo r  S = « . Each c a r r i e r  e n te r in g  th e  d r i f t  re g io n
-  6o -
OJ
-  6 1  -
has to  c ro ss  th ro u g h  th e  n a rro v  avalanche zone and g e t m u lt ip l ie d  
by a f a c to r  M. The C o n trib u tio n  o f  h o le s  from th e  n^ la y e r  fo r  
d i f f u s io n  tim es g re a te r  and sm a lle r  th a n  th e  d r i f t  tim es can be 
w r i t t e n  as
W
%  W f  J ( t  -  dx fo r  0 h
J ( t -) dx fo r
t  > W_
Th
t  < W
(2 .5 4 )
In  c a lc u la t in g  th e se  c u rre n t wave forms we assume th a t  th e
p a i r s  were c re a te d  e s s e n t i a l ly  in s ta n ta n e o u s ly  w ith  t h e i r  s a tu r a t io n
v e lo c i t i e s  in  th e  t a r g e t s  under bombardment. A lso we ig n o red  th e
e f f e c t s  o f d if f u s io n  in  reg io n s  o f h igh  e l e c t r i c  f i e ld s  which r e s u l te d
in  th e  d is c o n t in u i t ie s  (sh arp  edges) in  F ig u re  2 .13  and F ig u re  2 .1 4 .
The graphs computed in  C hapter 5 f o r  th e  c u rre n t wave fo rm s, u ses
th e  eq u atio n s  2 .51  to  2 .5 4 . In  th e  com putation th e  e f f e c t s  o f th e
t  , ,
n la y e r  i s  ig n o red  s in c e  th e  th ic k n e ss  o f  t h i s  la y e r  i s  chosen to  be
o n ly  0 .3  m icrons. This co rresponds a ls o  to  th e  th ic k n e ss  o f one o f
th e  com m ercially  a v a i la b le  pho tod iodes used  in  our work.
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CHAPTER 3
CHARACTERISTICS OF SILICON AVALMCHE PHOTODIODES
To use  avalanche pho tod iodes to  b e s t  advantage as EBS t a r g e t s ,  
i t  i s  im p o rtan t t h a t  th e  u s e r  has a  working knowledge o f  t h e i r  
o p e ra tin g  mechanism. T h ere fo re  in  s e c t io n  3 .1 .  and 3 .2 .  we f i r s t  
rev iew  th e  b a s ic  avalanche mechanism and d isc u ss  some s in p le  id e a s  
on th e  th e o ry  o f  io n iz a t io n  r a t e s  w ith o u t c o n s id e rin g  th e  m athem atica l 
d e t a i l s  o f th e  b e s t  th e o ry  g iven  by B a ra ff
In  s e c t io n  3 .3 . m u l t ip l ic a t io n  f a c to r s  and breakdown c o n d itio n s  
a re  g iven  f o r  pu re  e le c tro n  in je c t io n  and f o r  pure  h o le  in je c t io n  in to  
th e  avalanche zone. The ex p re ss io n  f o r  th e  m u l t ip l ic a t io n  i n i t i a t e d  
by a m ix tu re  o f h o le s  and e le c tro n s  i s  a lso  g iv en . The e3q>ressions 
f o r  pu re  e le c tro n  and f o r  p u re  h o le  in je c t io n  a re  used  in  C hapter 5 
to  compute th e o r e t i c a l l y  th e  m u l t ip l ic a t io n  f a c to r s  and breakdown 
v o lta g e s  in  o rd e r to  compare w ith  th e  exp erim en ta l r e s u l t s .  Two 
d i f f e r e n t  s i l i c o n  avalanche photod iode s t r u c tu r e s  a re  d isc u sse d  in  
s e c t io n  3 .4 .  T h e ir e l e c t r i c  f i e l d  and c o n c e n tra tio n  p r o f i l e s  a re  
shown and in  s e c t io n  3.5* th e  e q u iv a le n t c i r c u i t  o f th e  pho tod iodes 
i s  i l l u s t r a t e d .
In  s e c t io n  3 .6 . sample c h a r a c te r i s t i c s  o f  two com m ercially  
a v a i la b le  photod iodes ( e l e c t r i c  f i e l d ,  c o n c e n tra tio n  p r o f i l e ,  
d e p le t io n  la y e r  w id th  a t  d i f f e r e n t  b ia s  v o l ta g e s ,  io n iz a t io n  r a t e s )  
a re  c a lc u la te d  from th e  C—V measurements f o r  th e  ju n c tio n  c a p a c ita n c e .
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These m easurements a re  made u s in g  a Boonton c a p a c itan c e  m eter and 
as w e ll u s in g  s lo t t e d  l i n e  te ch n iq u es  a t  d i f f e r e n t  f re q u e n c ie s . In  
p e rs o n a l communications w ith  th e  m an u fac tu rers  th e s e  r e s u l t s  and t h e i r  
measurements were com pared;and accep ted  to  he  more a c c u ra te  th an  t h e i r  own,
3 .1 .  Charge M u lt ip l ic a t io n  Mechanism
We s t a r t  hy d is c u s s in g  some b a s ic  knowlege on th e  o p e ra tin g  
mechanism o f  avalanche p h o to d io d es .
The b a s ic  p h y s ic a l  mechanism upon which charge m u l t ip l ic a t io n  
depends i s  t h a t  o f  i n t a c t  io n iz a t io n .  I f  th e  e l e c t r i c  f i e l d  in  th e  
d e p le t io n  re g io n  o f a  photodiode i s  s u f f i c i e n t l y  h ig h  an e le c tro n  
o r a  h o le  can g a in  energy  from th e  f i e l d  a t  a  r a t e  f a s t e r  th a n  th e y  
lo s e  to  a c o u s t ic a l  o r o p t ic a l  phonons. E lec tro n s  and h o le s  th e n  
ex p erien ce  a  s te a d y  a c c e le r a t io n  to  h ig h e r e n e rg ie s . But t h i s  
a c c e le r a t io n  does n o t go in d e f in i t e ly  and th e y  g ive up a c o n s id e ra b le  
f r a c t io n  o f t h e i r  k in e t ic  energy to  a  v a lan ce  e le c t r o n , th e re b y  
r a i s in g  th e  valance  e le c tro n  to  th e  conduction  band and le a v in g  a 
p o s i t iv e  h o le  in  th e  v a lance  band. In  t h i s  c a se , th e  o r ig in a l  e le c tro n  
and h o le  have c re a te d  an e le c tro n -h o le  p a i r .  These a d d i t io n a l  c a r r i e r s ,  
i n  tu r n ,  can g a in  enough energy from  th e  f i e l d  to  cause f u r th e r  im pact 
io n iz a t io n ,  u n t i l  an avalanche o f  c a r r i e r s  has been c r e a te d .  Below 
th e  diode breakdown v o lta g e  th e  t o t a l  number c re a te d  i s  f i n i t e ;  above, 
i t  can approach i n f i n i t y .
3 .2 . Io n iz a t io n  Bates
An im p o rtan t param eter in  charge m u l t ip l ic a t io n  i s  th e  io n iz a t io n
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r a t e . . This i s  th e  p r o b a b i l i ty  t h a t  an e le c tro n  o r h o le  w i l l  have 
an io n iz a t io n  c o l l i s io n  w ith  an atom , in  a  u n i t  d is ta n c e  o f  t r a v e l ,  
to  c re a te  one e le c tro n -h o le  p a i r .  These c o e f f ic ie n ts  a re  s tro n g  
fu n c tio n s  o f  th e  e l e c t r i c  f i e l d .  S ince th e  e l e c t r i c  f i e l d  in  th e  
d e p le t io n  re g io n  o f  a  pho tod iode i s  a  fu n c tio n  o f  p o s i t io n ,  th e  
io n iz a t io n  c o e f f ic ie n ts  w i l l  be as w e ll  fu n c tio n s  o f  p o s itio n ^  and 
a re  la rg e  e n o u ^  to  m e r it  c o n s id e ra tio n  on ly  where th e  e l e c t r i c  f i e l d  
i s  h ig h e s t .
The p r o b a b i l i t i e s  th a t  a  g iven  e le c tro n  o r h o le  w i l l  have an 
io n iz in g  c o l l i s i o n  w ith in  a  d is ta n c e  dx a re  (E (x )) dx and 
(E(x )) dx , r e s p e c t iv e ly ,  where and a re  th e  io n iz a t io n
r a t e s .  The f i e l d  dependence o f  io n iz a t io n  r a t e s  a re  c a lc u la te d  
th e o r e t i c a l l y  by B a ra ff  whose th e o ry  in v o lv e s  computer s o lu t io n s
o f  th e  Boltzmann c o l l i s io n  eq u a tio n . Experim ent a l l y  th e  io n iz a t io n  
r a t e s  o f  e le c tro n s  and h o le s  in  s i l i c o n  have been m easured by th e  use 
o f p h o to m u ltip lic a tio n  measurements on p -n  ju n c tio n s  by Lee e t .  a l .  
These measurements f i t  to  th e  th e o r e t i c a l  c a lc u la t io n s  o f B a ra f f .
The r e s u l t s  can be f i t t e d  over wide range o f  f i e l d  to  th e  fo llo w in g  
ex p re ss io n
xXg , = A exp ( -b /E (x ))  (3 .1 )
w herej f o r  s i l i c o n .
-  65 -
e le c tro n s  h o le s
A (cm^) = 3 .8  X lOG 2 .25  x  10^
h (V/cm) = 1 .75  X 106 3 .26  x 10^
F ig u re  3 .1  shows th e  ex p erim en ta l r e s u l t s  o f  io n iz a t io n  
r a t e s  fo r  s i l i c o n .
3 .3 . M u lt ip l ic a t io n
Im pact io n iz a t io n  phenomenon le a d s  to  m u l t ip l ic a t io n  in  
avalanche p h o to d io d es . The re g io n  o f c a r r i e r  m u l t ip l ic a t io n  in  
th e se  pho tod iodes i s  r e s t r i c t e d  to  a narrow  avalanche zone w ith  
w id th  w c lo se  to  th e  ju n c t io n .  I f  I^^  h o le s  flow  p e r  second 
in to  th e  avalanche zone a t  x = 0 , th e  h o le  c u rre n t I^  w i l l  in c re a s e  
w ith  d is ta n c e  th ro u g h .th e  zone and reach es  a  v a lu e  M^I^^ a t  x = w, 
where i s  th e  m u l t ip l ic a t io n  f a c to r  o f h o le s  d e fin e d  as I^(w )/I^Q ,
S im ila r ly , th e  e le c tro n  c u r re n t  I^  w i l l  in c re a se  from
X  = w to  X  = 0 and th e  t o t a l  c u r re n t  I  would he th e  sum o f  h o le
and e le c tro n  c u r r e n ts .
The in c re a s e  o f  h o le  c u rre n t a t  W would be eq u al t o  th e  
number o f e le c tro n -h o le  p a i r s  added in  a  d is ta n c e  dx , to  th e  i n i t i a l  
s tream  o f h o le s .  We can th e re fo re  w r i te
°  “h ^  ^  * V e  ^  (3 -2 )
-  6 6  -
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F ig u re  3 .1  Measured Io n iz a t io n  C o e f f ic ie n t fo r  A valanche 
M u lt ip l ic a t io n  vs E le c t r ic  F ie ld  fo r  S i l ic o n
(A fte r Lee e t .  a l . ) (50)
— 67 -
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v h e re  I  — i s  th e  t o t a l  c u r re n t and i s  independent of
p o s i t io n .
From th e  s o lu t io n  o f  eq u a tio n  (3 .3 )  v i t h  th e  boundary c o n d itio n  
t h a t  I  = Ij^(w) = one can o b ta in  a  r e la t io n s h ip  betw een th e
m u lt ip l ic a t io n  f a c to r  and th e  io n iz a t io n  r a t e s  as
1 W X
1 (o^ -  a^) d x '}  dx . ' (3 .4 )
I f  th e  avalanche p ro cess  i s  i n i t i a t e d  by e le c tro n s  in s te a d  o f h o le s  
from th e  p lan e  x = W, th e n  th e  e le c tro n  m u l t ip l ic a t io n  f a c to r  M
e
would be
1 V W
= /  a exp {- /  (a -  a , )  d x '}  dx (3 .5 )
e 0 X ® ^
In s te a d  o f  j u s t  co n s id e rin g  th a t  a  pu re  e le c tro n  or h o le  c u r re n t
i n i t i a t e s  th e  m u l t ip l ic a t io n ,  l e t  us co n sid e r the. case  u s in g  a m ix tu re
o f  holes, and e le c t ro n s .  In  t h i s  s i tu a t io n  th e  accompanying d i f f e r e n t i a l  
e q u a tio n  ta k e s  th e  form ^^l)
— 6 8  “
I f  we th e n  d e fin e
“ = Ch + le) '  ( V  leo)
(3 .7 )
and use. th e  boundary c o n d itio n s  t h a t  I^ (0 ) = 1^^ , I^(w ) = 1^^,
th e  s o lu t io n  o f  eq u a tio n  (3 .6 )  i s
W X
( l  -  k ) S exp { -  /  (o^ -  a^) dx*)} dx
1 _  —  =  2 2.___________________________________
M W
1 -  k + k exp {- /  (a, -  a ) dx)
0
(3 .8 )
w w w
k exp {- /  (a, -  a ) dx*} { /  a exp /  (a. -  a ) dx*} dx
+ 0  0 ® X n e ____________
W
1 -  k + k exp {- /  (oL -  a^) dx}
0 ^  ®
When a pure  h o le  o r e le c tro n  c u r re n t  (k = 0 , 1 , r e s p e c t iv e ly )
i s  used  to  i n i t i a t e  th e  m u l t ip l ic a t io n ,  eq u a tio n  (3 .6 )  y ie ld  th e
' ■ . - 6 9  -
eq u a tio n  (3 .4 )  and eq u a tio n  (3 .5 ) .
E xpressions (3 .4 ,  (3 .5 )  6 .8 )  a re  o f te n  c a l le d  io n iz a t io n
i n t e g r a l s .  The avalanche breakdown v o lta g e  i s  d e fin e d  as th e  
v o lta g e  where and M approaches i n f i n i t y .  Hence th e  breakdown
c o n d itio n  i s  g iven  hy th e  io n iz a t io n  in te g r a l
W X
f  OL exp {- /  (a. -  a ) dx*} dx = 1 (3 .9 )
0 0 0 . 0
I f  th e  avalanche p ro cess  i s  i n i t i a t e d  by e le c tro n s  in s te a d  o f h o le s ,  
th e  breakdown c o n d itio n  i s  g iven  by th e  io n iz a t io n  in te g r a l
W W
f  a exp {- f  (a  -  ou ) dx*}. dx = 1 (3 .1 0 )
0  X  G a
The io n iz a t io n  in te g r a l s  approach u n ity  to g e th e r .  T his means 
t h a t  th e  c o n d itio n  o f  breakdown i s  unique and i t  does n o t m a tte r  
i f  th e  avalanche i s  s t a r t e d  by h o le s  o r e le c tro n s  o r b o th . To 
c a lc u la te  th e se  in te g r a l s  w ith  eq u a tio n  ( 3 .1 ) ,  i t  i s  n e c e ssa ry  to  
use  a com puter. A sim p le r ex p re ss io n  was proposed  by M ille r  
as
(3 .1 1 )
-  TO -
where Vg, a re  th e  ap p lied , and breakdown v o l ta g e s ,  r e s p e c t iv e ly .
The exponent n i s  know as  th e  M i l le r ’ s exponent.
This em prica l r e l a t i o n ,  which s a t i s f i e s  th e  boundary c o n d itio n s  
(M = 1 , Vg = 0 and M -  Vg -  Vg^) d e sc r ib e s  th e  v a r ia t io n  
o f  th e  m u l t ip l ic a t io n  c o e f f i c i e n t ;  however, i t  has th e  d isad v an tag e  
th a t  n i s  n o t c o n s ta n t and v a r ie s  in  p a r t i c u l a r  w ith  s u b s t r a te  
doping and a ls o  w ith  th e  p e n e tr a t io n  dep th  o f  th e  in c id e n t  e le c t r o n s .
Measurement o f th e  m u l t ip l ic a t io n  f a c to r  i s  a u s e f u l  method 
o f  o b ta in in g  th e  io n iz a t io n  r a t e s .
3 .4 .  P-N Ju n c tio n  Avalanche Photodiode w ith  Guard Ring
One o f  th e  most common avalanche photodiode s t r u c tu r e ,  o f te n  
c a l le d  th e  "guard r in g "  s t r u c tu r e ,  i s  based  on th e  model o f  B ia rd  
and S h au n fie ld  The guard  r in g  i s  re q u ire d  to  ensure  t h a t  th e
f i e l d  does n o t r i s e  a t  th e  edges o f th e  ju n c tio n  a re a  and cause 
breakdown.
A d ev ice  o f t h a t  s o r t  may c o n s is t  o f a  sem iconductor s t r u c tu r e  
shown sc h e m a tic a lly  in  F ig u re  3 .2 . A s la b  o f  n e a r ly  i n t r i n s i c  
sem iconductor i s  bounded on one fa c e  by a r e l a t i v e l y  th in  la y e r  o f 
v e ry  h e a v ily  doped sem iconductor o f one c o n d u c tiv ity  ty p e  and on 
th e  o th e r  fa c e  by a r e l a t i v e l y  th ic k  la y e r  o f  v e ry  h e a v ily  doped 
sem iconductor o f  th e  o p p o s ite  c o n d u c tiv ity  ty p e . F ig u re  3 .2  shows 
an n* -  w -  p* s t r u c tu r e  b u t n* -  y -  p"**, p* _ % -  n’*', and p* _ y -  n* 
a re  e q u iv a le n t a l t e r n a t iv e s .  Ohmic c o n ta c ts  t o  th e  h e a v ily  doped-
-  7 1  -
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re g io n s  se rv e  as means o f ap p ly in g  dc re v e rs e  "bias t o  t h i s  s t r n c tn r e .  
When a  re v e rse  b ia s  i s  a p p lie d  a  d e p le tio n  la y e r  i s  e s ta b l is h e d  in  
th e  TT re g io n  o f th e  d io d e . The e l e c t r i c  f i e l d  d i s t r ib u t io n  in  t h i s  
la y e r  i s  g iven  by
E(x) -  -------  (W -  X  ) ( 3 . 1 2 )
^s
The e l e c t r i c  f i e l d  i s  shown in  F igure  3 .3 .a  and i s  n o t 
c o n s ta n t b u t f a l l s  l i n e a r ly  w ith  in c re a s in g  d is ta n c e  from  th e  ju n c t io n ,  
th e  s lo p e  be in g  p ro p o r t io n a l  to  th e  c o n s ta n t im p u rity  c o n c e n tra tio n  
Ng shown in  F ig u re  3 .3 .b .
W i s  th e  f r o n t  edge o f  th e  d e p le t io n  la y e r  and g iven  by
2 e .  V_
W = ( - T E T )  (3 .1 3 )
£
For t h i s  ty p e  pho tod iodes th e  f r o n t  e d g e -o f" th e  d e p le t io n  
la y e r  may n o t sp read  o u t to  occupy th e  e n t i r e  ir-type volume. The 
g en e ra ted  c a r r i e r s  in  th e  u n d ep le ted  volume a re  th e n  c o l le c te d  by 
d i f f u s io n  and m u lt ip l ie d  as th e  c a r r i e r s  d i f f u s in g  from th e  n^ re g io n  
o f  th e  d io d e . They a re  c o l le c te d  slowly and e f f e c t  th e  re sp o n se  
and e f f ic ie n c y  o f  th e  pho tod iode .
(a)
/  E(x) dxArea
x=W D istance
s•HÎIO
§o
D istan ce
F ig u re  3 .3  (a ) E le c t r ic  f i e l d  d i s t r ib u t io n ,
(b) Doping p r o f i l e
— —
A second common structure is the reach-through avalanche
( 53 )photod iode -which were f i r s t  re p o r te d  by Ruegg . I t  has s e v e ra l
advan tages over n* -  n -  p* s t r u c tu r e ,  s in ce  i t  com bines, to  th e  
b e s t  e x te n t p o s s ib le ,  h ig h  speed , h igh  ga in  and low n o is e . This 
i s  ach ieved  by s e p a ra tin g  th e  d e p le t io n  re g io n  in to  a  f u l l y  d e p le te d  
d r i f t  re g io n  and a narrow  avalanche zone in  which th e  c a r r i e r s  a re  
m u lt ip l ie d .  A ty p ic a l  s t r u c tu r e  o f  t h i s  ty p e  i s  shown in  F ig u re  3 .4 .
The two diffusions, p-type (boron) and n^-type (phosphorus), 
that create the avalanche region are carried out in sequence to form 
n"^  p - IT - p structure. When a reverse bias voltage is applied, 
the depletion region of the diode just reaches-through to the low 
concentration tt region when the peak electric field at the junction 
is approximately 10^ less than that required to cause avalanche 
breakdown.
The applied voltage in excess of the reach-through voltage, 
is now dropped across the total intrinsic width causing the 
depletion layer to increase rapidly out to the p"*" contact. The 
fields in the multiplication region and hence the multiplication 
factor increase relatively slowly with increasing bias voltage above 
reach-through.
In practice a multiple layer structure with discontinuities 
between layers is difficult to fabricate. Impurity diffusion during 
fabrication often leads to finite impurity gradients in the structure. 
In this case the impurity concentration in the p region of the
-  75 -
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n — p — TT — p s t r u c tu r e  i s  n o t uniform  and th e  la y e r  can he assumed 
l i n e a r l y  g raded  from th e  ju n c tio n  to  th e  tt la y e r  as shown in  F ig u re
3 .5 .h .
Knowing th e  breakdown f i e l d  a t  th e  ju n c tio n  when th e  d iode i s  
b ia se d  in to  breakdown, th e  f i e l d  p r o f i l e  th rough  t h i s  ty p e  o f 
s t r u c tu r e  as shown in  F ig u re  3 .5 .a  i s  g iven  by th e  eq u a tio n s
qN, X «
E(x) = E ^  0 .<  X  <  b
'^ 'S t"s
(3 .1 4 )
where
b = th e  w id th  o f th e  p re g io n
1^ 2 . = th e  im p u rity  c o n c e n tra tio n  in  th e  p re g io n
Ng = th e  im p u rity  c o n c e n tra tio n  in  th e  tt re g io n
a = th e  im p u rity  g ra d ie n t in  th e  p re g io n
= th e  maximum f i e l d  which occurs a t  % x = 0
-  11 -
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F ig u re  3 .5  (a ) E le c t r ic  f i e l d  d i s t r ib u t io n
(b) Doping p r o f i l e
— T8 —
3 .5 . D ep le tio n -L ay er C apacitsince.
I t  i s  w e ll  known th a t  th e  v o lta g e  dependence o f  th e  d e p le t io n  
la y e r  c ap a c itan c e  in  p -n  ju n c tio n s  can he used  to  determ ine sem iconductor 
doping p r o f i l e s  (5^)^ Doping p r o f i l e s  can th en  he used to
determ ine  th e  e l e c t r i c  f i e l d  p r o f i l e s .  B r ie f ly ,  th e  most commonly 
used  te ch n iq u e  c o n s is ts  o f  form ing a  d iode o f  known a re a .  A, and 
m easuring th e  d e p le t io n  la y e r  c a p a c ita n c e , a t  some s u i ta b le  RF 
freq u en cy , as a  fu n c tio n  o f dc re v e rs e  b i a s .  The doping p r o f i l e  
i s  th e n  o b ta in ed  from
H U ) . =  ( § )  (3 .15 )
where N i s  th e  doping le v e l  in  a re g io n  Ax, C i s  th e  m easured 
cap ac itan ce  a t  v o lta g e  Vg. To f in d  th e  p o s i t io n  one can use th e  
e q u a tio n .
Ax _ ^s dC
AV
Most commercial c ap a c itan c e  m eters and p r o f i l i n g  in s tru m e n ts  
m easure th e  c ap a c itan c e  o f  th e  diode under t e s t  by ap p ly in g  a 
c o n s ta n t RF v o lta g e , and m onito ring  th e  im aginary  component o f th e  
r e s u l t in g  RF c u r re n t  ( i . e . ,  th e  component 90° ou t o f  phase w ith  
th e  d r iv e  v o l ta g e ) .  The im aginary  component o f  th e  RF c u r re n t  i s  
th e n  d i r e c t l y  p ro p o r t io n a l  to  th e  d e p le t io n - la y e r  c a p a c ita n c e .
!T9"”
In  o rd e r to  c h a r a c te r is e  avalanche pho tod iodes more f u l l y  
i t  i s  d e s i r a b le  to  m easure th e  d iode*s. impedance over a  wide range 
o f  f r e q u e n c ie s . ^  t h i s  means a  more a c c u ra te  r e p re s e n ta t io n  o f 
th e  e q u iv a le n t c i r c u i t  can be b u i l t  up . For th e  e q u iv a le n t c i r c u i t  
th e re fo re  th e  s e r ie s  r e s is ta n c e  o f  th e  b u lk  m a te r ia l  and o f
th e  ohmic c o n ta c ts  must a ls o  be measured ..as w e ll as th e  c ap a c itan c e  
o f  th e  space charge l a y e r .  The s e r ie s  r e s is ta n c e  R^ i s  a 
p a r a s i t i c  elem ent in  avalanche photod iodes t h a t  can degrade th e  
dev ice  perform ance. The e q u iv a le n t c i r c u i t  o f an avalanche
photod iode i s  shown in  F igure  3 .6 .
One of the important basic measuring instruments that can be 
used for measuring the diode*s impedance is the slotted line. With 
it, the standing-wave pattern of the electric field in a coaxial 
transmission line of known characteristic impedance can be accurately 
determined. From the knowledge of the standing-wave pattern, 
characteristics of the photodiode connected to the load end of the 
slotted line can be obtained. The degree of mismatch between the 
photodiode and the transmission line can be calculated from the ratio 
of the amplitude of the maximum of the wave to the amplitude of the 
minimum of the wave, (i.e., the voltage standing-wave ratio VSWR).
The photodiode impedance can be calculated from the VSWR and the 
position of a minimum point on the line with respect to the photodiode. 
The wave len^h, X, of the exciting wave can be measured by obtaining 
the distance between minima, since they are spaced by half wave 
lengths.
— 80 —
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The photodiode im pedance, Z , can he determ ined  i f  th e  
im pedance, Z^, a t  any p o in t a long  th e  s lo t t e d  l i n e  i s  known. The 
e x p re ss io n s  r e l a t i n g  th e  impedance a r e ; -  (see  F ig u re  3 .7 )
z -  jZg ta n  9 
"x = ^0 ^  -  jZ t ^ e  (3.17)
where
= 360 Y degrees
3 .6 . Sample C h a r a c te r is t ic s
Photodiodes used in  our experim ents were o b ta in ed  from EMI 
L td . and AEG-Telefunken.
EMI pho tod iodes were p rep a red  by oxide masking tech n iq u es  
in  which su rfa c e  breakdown was avoided by th e  g u a rd -r in g  method.
The a c t iv e  a re a  s e n s i t iv e  to  r a d ia t io n  was p rep a red  by d if f u s io n  o f  
phosphorus from a phosphorus o xych lo ride  source  in to  a p - ty p e  s i l i c o n  
e p i t a x ia l  la y e r  grown on a p -ty p e  s i l i c o n  s u b s t r a te .  This, r e s u l te d  
in  th e  d iode s t r u c tu r e  shown in  F ig u re  3 .2 , having  a p -n  ju n c tio n  
app rox im ate ly  2 .5  m icrons below th e  s u r fa c e . The r e s i s t i v i t y  o f  
th e  e p i t a x ia l  la y e r  was 6 -  1 0 cm.
R each-through n — p — tt — p s t r u c tu r e  as shown in  F ig u re  
3 .4  was used  to  f a b r ic a te  AEG-Telefunken p h o to d io d es . The c o r r e c t  p
-  82 -
doping was ach ieved  hy im p lan tin g  boron atoms and perform ing  a 
d r iv e - in  d i f f u s io n  in to  a  ir-type s i l i c o n  e p i t a x ia l  la y e r  grown on 
a p - ty p e  s u b s t r a te .  F in a l ly  th e  n la y e r  wsis in tro d u ce d  r e s u l t in g  
in  a p -n  ju n c tio n  app rox im ate ly  0 .3  m icrons below th e  su rfa c e  (59)^ .
The d iode ch ip s  were mounted e i th e r  to  TO l 8 cans o r in  
microwave 8-4  packages to  reduce v a rio u s  p a r a s i t i c  e lem en ts . F ig u re  
3 .8  and 3 .9  show th e  diagram s o f  th e  diode m ountings.
C apacitance  measurements v e rsu s  a p p lie d  r e v e r s e -b ia s  v o lta g e  
were made f i r s t  u s in g  a B o o n to n -E lec tro n ics  c ap a c itan c e  m eter which 
has a c ap a c itan c e  range o f 0 .0 1  -  3000 p f  and a t e s t  s ig n a l  o f  
1 MHz on EMI and AEG-Telefunken s i l i c o n  avalanche p h o to d io d es .
The Type 8%4-LBA s lo t t e d  l in e  i s  used  to  m easure th e  photod iodes 
impedances fo r  s e v e ra l  f req u e n c ie s  a t  d i f f e r e n t  b ia s  v o lta g e s . The 
s ta n d in g —wave p a t te r n  was m easured on a 50—ohm c o a x ia l tra n sm is s io n  
l i n e .  The r e s u l t s  o b ta in ed  have been exp ressed  as an e q u iv a le n t 
c ap a c itan c e  and r e s is ta n c e  in  s e r i e s .  The p lo ts  o f re a c ta n c e  v e rsu s  
frequency  w ith  b ia s  v o lta g e  as an independent param eter f o r  th e  EMI 
photodiode i s  g iven  in  F ig u re  3 .1 0 . The s e r ie s  r e s is ta n c e  o f  t h i s  
photodiode was found to  be p r a c t i c a l l y  c o n s ta n t a t  6 0 . Small 
v a r ia t io n s  .(< 0 .5  0 ) were observed , bu t th e se  were co n sid e red  to  be 
beyond th e  system  r e s o lu t io n .
The curves o f th e  ju n c tio n  c a p a c ita n c e , v e rsu s  b ia s  v o lta g e  
fo r  th e se  d iodes a re  given in  F ig u re  3 .11  and F igure  3 .1 2 . A p lo t  
o f 1/0% v e rsu s  v o lta g e  r e s u l te d  a s t r a ig h t  l in e  fo r  th e  EMI p ho tod iode .
— 83 —
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diode removable 
■protective cap
diode
h o ld e r
-  d iode le a d
- p o ly thene  
d i e l e c t r i c
main body
epoxy ^ e s i n con n ec to r p in
SMA connecto r
F ig u re  3 .8  C ro ss -se c tio n  o f th e  mounting o f 
avalanche photodiode in  TO I 8 can.
copper c o n ta c t
r in g
sc rev  cap sp o t weld 
A lm in a
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The s lo p e  gave th e  im p u rity  c o n c e n tra tio n  o f  th e  s u b s tr a te  as
2 X IQlS cm^ and th e  in te r c e p t  a t  1 /C^ = 0 gave th e  b u i l t - i n  
p o te n t i a l  as 0 .2  v o l t s .
The dep th  o f th e  d e p le t io n  la y e r  has been c a lc u la te d  f o r  th e  
EMI photod iode u s in g  eq u a tio n  3.13 and p lo t te d  in  F ig u re  3 .1 3 .
Even a t  th e  breakdown v o l ta g e ,  which i s  192 .3  v o l t s ,  th e  l i g h t l y  
doped p re g io n  cannot be f u l l y  d e p le te d  and on ly  ex tends up to  
11 m icrons, le a v in g  an u n d ep le ted  p -ty p e  e p i t a x ia l  m a te r ia l  o f 
5 m ic ro n s .
Knowing th e  v a r ia t io n  o f th e  d e p le t io n  la y e r  w id th  w ith  th e  
dc b ia s  and th e  im p u rity  c o n c e n tra tio n , one can th e n  p lo t  th e  
e l e c t r i c  f i e l d  d i s t r ib u t io n  in s id e  th e  p re g io n  u s in g  eq u a tio n  
3 .1 2 . The e l e c t r i c  f i e l d  d i s t r ib u t io n  i s  shown in  F ig u re  3.1%. The 
maximum f i e l d  a t  th e  ju n c tio n  i s  found to  be approx im ate ly  350 kV/cm 
a t  a  re v e rs e  b ia s  v o lta g e  o f  190 v o l t s . At t h i s  v o lta g e  th e  io n iz a t io n  
r a t e s  fo r  b o th  e le c tro n s  and h o les  v e rsu s  dep th  has been c a lc u la te d  
and p lo t te d  in  F ig u re  3 .15• The e le c tro n s  a re  more io n iz in g  p a r t i c l e s  
th e n  h o le s ,  and th e  io n iz a t io n  r a t e  o f  th e  e le c tro n s  i s  ap p rox im ate ly  
10  tim es h ig h e r  th an  th e  io n iz a t io n  r a t e  o f  th e  h o le s .
The c ap a c itan c e  v o lta g e  c h a r a c te r i s t i c  f o r  th e  AEG-Telefunken 
photodiode showed an expected  re ach -th ro u g h  b eh av io u r and in d ic a te d  
th a t  th e  d e p le t io n  re g io n  p e n e tra te s  in to  th e  tt re g io n  betw een 
15 V and about 35 V. From th e  c o n s ta n t c ap a c itan c e  a f t e r  com plete 
p e n e tr a t io n  o f  th e  tt re g io n , th e  w id th  o f  t h i s  re g io n  i s  c a lc u la te d  
to  be 9 "5-m icrons. , . ■
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The im p u rity  c o n c e n tra tio n  p r o f i l e  o f th e  p la y e r  and in  
th e  i n t r i n s i c  ir la y e r  has heen c a lc u la te d  f o r  AEG-Telefunken 
p h o to d io d e , u s in g  eq u a tio n  3.15 and p lo t te d  in  F ig u re  3 .1 6 . The 
maximum c o n c e n tra tio n  in  p la y e r  was found to  he about 1 x  lO^G cm^. 
The a c c e p to r  d e n s i ty  in  th e  ir la y e r  was found to  he 5 x 10^^ cm^.
The th ic k n e ss  o f  th e  p l a y e r ,  h ,  i s  2 .5  m icrons and th e  im p u rity  
g ra d ie n t ,  a ,  in  t h i s  la y e r  i s  3 x 10^9 cm^. The t o t a l  d e p le t io n  
la y e r  ex tends t o  12 m icrons.
The e l e c t r i c  f i e l d  p r o f i l e  i s  g iven  hy eq u a tio n  3 .14  and 
shown in  F ig u re  3 .1 7 . The maximum e l e c t r i c  f i e l d  a t  th e  ju n c tio n  
has heen c a lc u la te d  u s in g  th e  ex p re ss io n
\  >  (* -  &) + (w _ b)Z  _ a s s l  (*  _
S S S
which g ives a maximum ' f i e l d  o f 3 .9  x 10^ V/cm a t  th e  ju n c t io n .
At ah out 90 v o l t s  th e  d iode i s  f u l l y  d e p le te d .
F ig u re  3.18 shows th e  io n iz a t io n  r a te s  f o r  e le c tro n s  and h o le s  
a t  170  v o l t s .
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3.T» E rro rs  from  th e  C-V P lo ts
G reat c a re  was tak en  in  m easuring th e  ju n c tio n  c ap a c itan c e  
o f  s i l i c o n  avalanche p h o to d io d es . Any e r r o r  in  th e s e  measurements 
would o fcourse  e f f e c t  th e  c a lc u la t io n s  o f th e  e l e c t r i c  f i e l d  and 
im p u rity  c o n c e n tra tio n  p r o f i l e  in s id e  th e  d e p le tio n  re g io n . F i r s t l y ,  
a c a l ib r a t io n  check on th e  c ap a c itan c e  m eter was perform ed u s in g  
s ta n d a rd  c a p a c ita n c e s . The e r r o r  a s s o c ia te d  w ith  m easuring a 1 pF 
s tan d a rd  cap a c itan c e  d id  n o t exceed 0 .5  %. Secondly , th e  e f f e c t s  o f  
th e  package, th e  c o a c ia l  sample mounting and th e  c o a x ia l c ab le  co n n ec tin g  
th e  sample m ounting to  th e  cap a c itan c e  m eter were e lim in a te d  by u s in g  
d i f f e r e n t i a l  measurement method. The system  cap a c itan c e  was f i r s t  
m easured w ith  an empty 8-4 package and a c ap a c itan c e  n e a r ly  eq u a l 
to  t h i s  p a r a s i t i c  v a lu e  was connected  to  th e  DIFF te rm in a l o f th e  m eter 
to  b r in g  th e  zero  s e t t in g  w ith in  th e  range o f th e  zero  c o n tro l  and 
th en  th e  zero  ad justm en t has been made. The 8-4 package w ith  th e  
photodiode ch ip  in s id e ,  was th en  re p la c e d  in to  th e  system  and th e  
cap a c itan c e  a t  d i f f e r e n t  b ia s  v o lta g e s  were p lo t te d  u s in g  an X-Y 
re c o rd e r .  DC b ia s  v o lta g e  was a p p lie d  to  th e  photodiode v ia  th e  
r e a r -p a n e l  b ia s  te rm in a ls .  These measurements were made on s e v e ra l  
photod iodes and as w e ll u s in g  s e v e ra l  le n g th  o f c o a x ia l  c a b le .
C apacitance measurements were com plica ted  by th e  p resence  o f  th e  
guard  r in g  whose cap a c itan c e  i s  an unwanted a d d it io n  to  th e  cap a c itan c e  
o f th e  a c t iv e  d e v ice . Most o f th e  e r ro r s  in  C—V m easurements would 
th e re fo re  be due to  th e  u n c e r ta in ty . ' o f  th e  a re a  d if fu s e d  under th e  
guard  r in g .
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CHAPTER : k 
EXPERIMENTAL ARRANGEMENT
An e le c tro n  bombardment ap p ara tu s  was b u i l t  to  in v e s t ig a te  
th e  in te r a c t io n  o f  an e le c tro n  beam w ith  s u i ta b le  EBS t a r g e t s ,  
w ith  th e  c a p a b i l i ty  o f in je c t in g  e le c tro n s  in to  th e se  t a r g e t s  
w ith  a  minimum d u ra tio n  o f approx im ate ly  30 p icoseconds and w ith  
an energy  up to  50 keV.
A d e s c r ip t io n  o f t h i s  ap p ara tu s  and i t s  components i s  
g iven  in  t h i s  c h a p te r . The main components a re  an e le c tro n  source  
com plete w ith  i t s  fo cu s in g  c o i l s  and a p a i r  o f  d e f le c t io n  p la te s  
p e rp e n d ic u la r  to  each o th e r .  The e le c tro n  beam p asse s  t h r o u ^  
th e  p la te s  and i s  d e f le c te d  to  and f r o  in f r o n t  o f  th e  t a r g e t  a r e a .
The d u ra tio n  o f th e  e le c tro n s  on samples e f f e c t iv e  a re a  i s  c o n tro l le d  
by a sine-w ave a p p lie d  t o  th e  p la te s  as p re se n te d  in  s e c t io n  4 .2 .
We a ls o  in tro d u c e  in  s e c t io n  4 .2 . a  microwave c a v ity  d e f le c t io n  
system  used  on ly  in  our a u x i l ia r y  m easurem ents.
The EBS d iodes a re  mounted in  a  c o a x ia l c i r c u i t  in  o rd e r to  
ach ieve  f a s t  r i s e  tim e and th e  d e t a i l s  o f th e  sample h o ld e r and 
th e  d e te c t io n  system  a re  d e sc rib e d  in  s e c tio n  4 .3 . and in  s e c t io n  
4.4.
— 9 8  —
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4 .1 .  E le c tro n  Bombardment A pparatus
A photograph o f th e  e le c tro n  bombardment ap p ara tu s  i s  shown 
in  F igu re  4 .1  and a b lo ck  diagram  in  F ig u re  4 .2 .
The hesirt o f th e  ap p ara tu s  was an e le c tro n  gun from a 
M etro p o litan  V ickers EM3 e le c tro n  m icroscope, com plete w ith  th e  
fo cu s in g  c o i l s .  The e le c tro n  gun was o f th e  th r e e -e le c t ro d e  ty p e  
w ith  v a r ia b le  b ia s  v o lta g e  and m echanical ad ju stm en ts  fo r  c e n tr in g .
The e le c tro n  source  was a  V-shaped h a irp in  o f tu n g s te n  w ire , su rrounded 
by a c y l in d r ic a l  m eta l s h ie ld  which had a sm all a p e r tu re  o p p o s ite  
th e  p o in t  o f th e  V. The s h ie ld  i s  o f te n  r e f e r r e d  as a  W ehnelt c y l in d e r ,  
a f t e r  th e  d is c o v e re r  o f  th e  b e n e f ic ia l  e f f e c t  o f i t s  p re sen c e . When 
a n e g a tiv e  p o t e n t i a l  was a p p lie d  to  th e  s h ie ld  th e  system  becomes 
a th r e e - e le c t r o d e  gun. The b ia s  p o te n t ia l  re q u ire d  was o f th e  o rd e r 
o f  100 v o l t s  which was a p p lie d  by u s in g  b a t t e r i e s  as shown in  
F igure  4 .2 . The b ia s  c o n tro l  th u s  gave a  u s e fu l  v a r ia t io n  o f  th e  
beam in t e n s i t y .  The f ila m e n t was about 0 .1  mm in  d iam eter and was 
h ea ted  d i r e c t l y  by a c u rre n t d riv en  by a 12 v o l t  b a t t e r y .  T y p ica l 
f ilam e n t c u r re n t  under o p e ra tin g  co n d itio n s  were betw een 1 .5  and 
2 amps. I t  was n ecessa ry  to  s e t  th e  f ilam e n t e x a c tly  on th e  a x is  
to  w ith in  0 .1  mm, and a t  th e  c o r re c t  h e ig h t to  w ith in  1 mm. For t h i s
-  99 -
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purpose a  sm all j i g  was used  as in  F ig u re  4 .3 .  In c re a s in g  th e  
d is ta n c e  o f th e  f ila m e n t t i p  from th e  s h ie ld  a p e r tu re  has p re c is e ly  
th e  same e f f e c t  as in c re a s in g  th e  n e g a tiv e  b ia s  p re v e n tin g  th e  
anode f i e l d  from re a ch in g  to  th e  f i la m e n t.
The em itte d  e le c tro n s  from th e  f ila m e n t were a t t r a c t e d  th rough 
th e  s h ie ld  a p e r tu re  tow ards th e  anode by th e  v e ry  s tro n g  e l e c t r i c  
f i e l d  e x is t in g  betw een th e s e  e le c tro d e s .  The anode was a  m eta l 
c y lin d e r  w ith  an a p e r tu re  in  th e  fa c e  exposed to  th e  cathode s h ie ld .  
I t  was conven ien t to  m a in ta in  th e  anode and th e  a p p ara tu s  body a t  
e a r th  and th e  cathode a t  h ig h  n e g a tiv e  p o t e n t i a l .
F igu re  4 .3  J ig  fo r  C en tring  and A d ju s tin g  th e  F ilam en t H eight
-  102 -
The E.H.T. supp ly  c o n s is te d  o f  a H ursant E le c tro n ic s  
Power Supply Model H 437 w ith  an e x te rn a l  f i l t e r  com prising  o f  
0 .025  h ig h  v o lta g e  c a p a c ito r  and 3 r e s i s t o r  to  suppress th e  
25 kHz r ip p le  g en era ted  by th e  sup p ly . The o u tp u t v o lta g e  was 
c o n tin u o u s ly  v a r ia b le  from about -5  to  -50  keV.
The beam emerging from th e  anode was focused  on to  th e  
pho tod iode e f f e c t iv e  a re a  by th e  condenser l e n s ,  which was p laced  
about mid-way between cathode and th e  pho tod iode . The i l lu m in a tin g  
system  was f i t t e d  w ith  t i l t  ad justm en ts to  allow  th e  e m ittin g  t i p  
o f th e  f ila m e n t to  be b rough t e x a c tly  on to  th e  a x i s . The to p  o f 
th e  photodiode mounting was coated  w ith  a phosphor to  enab le  th e  
e le c tro n  beam to  be a lig n e d . Once th e  beam was s t r ik in g  th e  photodiode 
th e  f i n a l  ad ju stm en t was c a r r ie d  out by observ ing  th e  o sc il lo sc o p e  
t r a c e  o r th e  ammeter.
The specimen chamber c o n s is te d  of an evacuated  (lO^ t o r r )  
g la s s  c y lin d e r  about 30 cm d iam eter and co a ted  i n t e r n a l ly  w ith  
a conducting  aluminium la y e r  which was kep t a t  e a r th  p o t e n t i a l .  A ll  
th e  vacuum j o in t s  were o f th e  ru b b er g ask e t ty p e , and a P ir a n i  
gauge was f i t t e d  as w e ll as a d isch a rg e  tu b e  f o r  vacuum m easurem ents. 
The o i l  d if f u s io n  pump and a s h a f t  d riv e n  back ing  pump, connected  
to  th e  system  w ith  a  ru b b er tu b e  to  reduce v ib r a t io n ,  gave a h i ^  
pumping speed .
4 .2 . D e f le c tin g  System
One o f  th e  tech n iq u es  fo r  c re a t in g  s h o r t  e le c tro n  p u ls e s  i s
-  103-^
to  d e f le c t  th e  beam to  and f r o  in  f r o n t  o f  th e  pho tod iode e f f e c t iv e  
a r e a .  ' The d e f le c t io n  system  used f o r  low frequency  m odulation  o f  
th e  e le c t ro n  beam c o n s is te d  o f two p a r a l l e l  p la te s  5 cm long  eind 
0 .3  cm a p a r t  to  which a s in u s o d ia l  v o lta g e  was su p p lie d  by an 
Airmec O s c i l la to r  type  304. T his h ig h  power o s c i l l a t o r  has a 
frequency  ran g e  o f  25 kHz to  100 MHz. Over 100 MHz up to  600 MHz 
a P h ilc o  S ie r ro  E le c tro n ic  h ig h  power source  model 470A-500 was u sed . 
An a d ju s ta b le  s tu b  connected  to  th e  o s c i l l a t o r  o u tp u t enab led  to  
supp ly  th e  maximum power to  th e  p l a t e s .
I t  i s  im p o rtan t f o r  us to  know th e  tim e th a t  th e  e le c tro n  
beam i l lu m in a te s  th e  d iode e f f e c t iv e  a re a  and th e  tim e in  which i t  
r e tu rn s  on to p  o f th e  diode a re a . To c a lc u la te  th e se  tim es we have 
to  know th e  v e lo c i ty  o f  th e  e le c tro n  beam on th e  p lan e  o f  th e  d iode 
a re a  and th e  amount o f d e f le c t io n .  T herefo re  l e t  us assume th e  
e l e c t r i c  f i e l d  on th e  p la te s  i s  E = E^ s in  (2T rft), a s in u s o d ia l  
f i e l d  o f  maximum value  E^ and frequency  f , and c a lc u la te  th e  
d e f le c t io n  and th e  v e lo c i ty .  From Newton*s Second Law, F= ma we 
o b ta in  th e  r e l a t i o n
I f  th e  i n i t i a l  v e lo c i ty  o f  th e  e le c tro n  i s  v (v = 5 .9 7  x 10^ 
cm /sec, E^ i s  th e  a c c e le r a t in g  v o lta g e  o f e le c tro n s  in  v o l t s )  th e  
tim e d u rin g  which th e  e le c tro n  i s  in  th e  f i e l d  between th e  p la te s  i s  
1 /v  (see  F ig u re  4.4) .
-  lO it -
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F ig u re  k,k  Fundamental Dimensions o f  th e  D e f le c tin g  System and 
th e  P a th  o f  th e  E le c tro n  Beam
Assuming th e  f i e l d  i s  uniform  between th e  p la te s  we can 
re p la c e  E^ by V ^/d, where i s  th e  maximum p o te n t i a l .  I f  t ^
i s  th e  tim e a t  which th e  é le c tro n  e n te r s  th e  a l t e r n a t in g  e l e c t r i c  
f i e l d ,  th e  component o f v e lo c i ty  p e rp e n d ic u la r  to  th e  p la te s  i s
—<105 —
ëv_; , .
- °  mâ“  s in  (2 ï ï f t )  d t  (4 .2 )
h
which becomes, upon in te g r a t io n  and tr ig o n o m e tr ic  m an ip u la tio n
eV
Vy = s in  ( ^ )  (4 .3 )
The d e f le c t io n  D on th e  f lu o re s c e n t  sc reen  on th e  photodiode 
p lan e  depends on th e  s lo p e  o f th e  e le c tro n  beam as i t  le av e s  th e  f i e l d .
V
D = 2L ta n  a where ta n  a = —^
V
T herefo re  we can w r ite
2eV L „
® s in  ( ^ )  (4 . 4 )
S ince th e  phase ang le  between th e  d e f le c t io n  and th e  v o lta g e  i s  o f  
no i n t e r e s t , th e  d e f le c t io n  produced by a  h ig h —fre(%uency p o te n t i a l  
i s
2eV L
^ ~ mnvfd (2 ï ï f t )  s in  ( - ^ )  (4 .5 )
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Thus, a t  h igb  freq u e n c ie s  a  s in u s o d ia l  p o te n t i a l  on th e  
p la te s  w i l l  r e s u l t  in  a  d e f le c t io n  which i s  d ec reased  in  am p litu d e , 
w hereas i t s  wave-form rem ains " ^ h a n g e d . Thin am plitude d i s to r t io n !  
i s  shown in  F ig u re  4*5 fo r  p la te s  o f 5 cm le n g th  and an e le c tro n  
v e lo c i ty  co rrespond ing  to  an a c c e le r a t io n  p o te n t i a l  o f  20 keV,
(v = 8 .4  X 10^ cm /sec) .  The d e f le c t io n  i s  reduced  to  zero  a t  8 x  10® 
c y c le s /s e c  independent o f  th e  a p p lie d  v o lta g e  t o  th e  p l a t e s .  The 
d e p a r tu re  from  low -frequency  response  i s  n o t ic a h le  a t  about 1 0 ® 
c y c le /s e c .
An exp erim en ta l check was made u s in g  th e  m athem atics in v o lv ed  
in  th e  above d e r iv a tio n ^  on th e  perform ance o f  th e  e le c tro n  bombardment 
a p p a ra tu s . The d e f le c t io n  was m easured e x p e rim en ta lly  on a f lo u re s c e n t  
sc reen  a t  a d is ta n c e  25 cm from th e  d e f le c t io n  p l a t e s ,  as a 
fu n c tio n  o f  th e  beam a c c e le r a t in g  p o te n t i a l  and th e  freq u en cy . I t  
i s  in t e r e s t in g  to  n o te  th a t  th e  ex p erim en ta l r e s u l t s  v e r i f y  th e  
m a th em atica lly  c a lc u la te d  r e s u l t s  v e ry  c lo s e ly .  At a  beam v o lta g e  
o f 40 keV and a p la te  p o te n t i a l  o f  100 MHz a d e f le c t io n  o f 2 .5  cm 
could  be o b ta in e d . T herefo re  we can w r ite
D = 2 .5  s in  (2.n.lO ®  t )
and
Vy = 2 . 5 x 2 x 7t x  10® cos (2 . tt .10® t )
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T h ere fo re  th e  ■velocity o f  th e  e le c tro n  beam on th e  d iode v o u ld  be 
V = 1.5T X 10^ cm /sec. The tim e  t h a t  th e  beam ta k e s  t o  t r a n s i t  
th e  d iode depends on th e  d iode e f f e c t iv e  a r e a .  I f  th e  d iam eter o f  
th e  d iode a c t iv e  re g io n  i s  0 .5  mm t h i s  tim e would be t ^  = 5 x 10^ /  
1 .57  X 1 0  ^ = 31 p sec .
For jaicrowave m odulation  o f  th e  e le c tro n  beam a n o th e r d e f le c t io n  
system  must be u sed . One such system  i s  th e  microwave le c h e r  w ire  
d e f le c t io n  system  i t  c o n s is ts  o f re so n a n t le c h e r  l i n e s  X/2
long  en clo sed  in  a c i r c u la r  w ave-guide. End p la te s  can be f i t t e d  
to  reduce lo s s  from th e  system  due to  r a d ia t io n .  The e l e c t r i c  
microwave standing-w ave p a t te r n  has an an tin o d e  h a l f  way a long  th e  
le c h e r  l i n e  and th e  beam p asses  betw een th e se  l in e s  a t  t h i s  p o in t .
The a l t e r n a t in g  e l e c t r i c  f i e l d  h e re  produces a  t r a n s v e r s e  v e lo c i ty  
on th e  beam and th e  beam p asses  th e  diode a re a  tw ice  p e r  microwave 
c y c le .
The am plitude D o f  th e  s in u s o d ia l  d e f le c t io n  o f  th e  e le c tro n  
beam on an o b se rv a tio n  p lane  a t  a  d is ta n c e  L from such a  d e f le c t io n  
system  tu rn s  ou t t o  be
D =
where i s  th e  power in  w a tts  fe d  onto  th e  d e f le c to r ,  E^ i s
th e  beam v o lta g e  in  v o l t s  and A ,U a re  two c o n s ta n ts  d e fin e d  bym m
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Figure 4.6 Microwave Cavity Deflection System
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th e  geom etry o f  th e  system .as
4 A
m + d,
where d^ i s  th e  spacing  o f th e  two w ire s , d^ i s  th e  d iam eter o f  
th e  w ire  and A i s  th e  f r e e  space w avelength o f th e  a p p lie d  s ig n a l .
F ig u re  4 .6  shows th e  d e f le c t in g  system  u sed . The le c h e r  
l in e s  a re  7 cm lo n g , th e  d is ta n c e  between th e  w ires  i s  4 mm and
th e  d iam eter o f  th e  w ire s  i s  0 .5  mm. The c a v ity  formed has a  cu t 
o f f  frequency  a t  1 .92  GHz. In p u t power t o  t h i s  system  was su p p lie d  
by G eneral Radio 900-2000 MHz u n i t  o s c i l l a t o r  ty p e  1218-B. The 
system  produced a  m easured d e f le c t io n  s e n s i t i v i t y  a t  th e  diode o f  
0 .04  mm/mW in p u t power.
4 .3 .  Specimen Holder
The method o f  mounting th e  photodiode on th e  base  p la te  o f  
th e  specimen chamber i s  shown in  F ig u re  4 .7 .a .  and in  F ig u re  4 .7 .b .
The diode was in  a  50 ohm c o a x ia l co n n ec to r. The specimen h o ld e r  
was a  0 .5  cm th ic k  b ra s s  d is c  and p re s se d  under vacuum to  th e  
s t a i n l e s s - s t e a l  base  p la te  by an 0 - r in g .  A ll th e  e l e c t r i c  co n n ec tio n s
- Ill -
Figure 4.7.a. Specimen Holder (Side View)
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m
Figure 4.7.1 Specimen Holder (Top View)
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t o  th e  h ase  p la te  and to  th e  specimen h o ld e r  were made hy vacuum 
t i g h t  50 ohm c o n n e c to rs . A combined s h u t t e r ,  Faraday  cap and a 
f lu o re s c e n t  sc ree n  w ith  a  r u l e r  was mounted onto  a  s tu d  which 
p assed  t h r o u ^  a h o le  in  th e  specimen h o ld e r . The s tu d  cou ld  he 
o p e ra ted  from o u ts id e  th e  specimen chamber hy means o f a  W ilson sead . 
This system  f a c i l i t a t e d  th e  v i s u a l  p o s it io n in g  and fo cu s in g  o f  th e  
e le c tro n  beam, p rev en ted  a c c id e n ta l  over-exposure  o f  th e  photodiode 
w h ile  s e t t in g  up , and m easured th e  beam d e f le c t io n .
The Faraday cup m easures th e  e le c tro n  beam c u r re n t  and was 
made o f  a  sm all copper c y lin d e r  c lo se d  a t  one end and th e  o p p o s ite  
end o f  th e  c y lin d e r  was c lo se d  by a th in  copper f o i l  hav ing  a sm all 
h o le  in  th e  c e n t r e .  The f o i l  and th e  Faraday  cup a re  i s o la te d  in  
such a way th a t  th e y  do n o t make m e ta l l ic  c o n ta c t . This f o i l  was 
changed when d i f f e r e n t  d iodes were t e s t e d ,  s in c e  th e  h o le  in  th e  
f o i l  must be th e  same a re a  o f th e  pho todiode a c tiv e  a re a s  under t e s t .
4 .4 . S ig n a l D e tec tio n
The g en era ted  c u rre n t waveforms from th e  pho tod iode were 
viewed on a  H ew lett-P ackard  l 4 l  A sam pling o sc il lo sc o p e  which 
has a  r i s e - t im e  o f  28 p sec . The t r a c e s  were reco rd ed  u s in g  a 
Bryans X-Y p l o t t e r  model 2900 A4.
Photodiodes were mounted in  a 50  c o a x ia l l i n e  f o r  p ro p e r 
m atching to  th e  r e s t  o f th e  c i r c u i t  and a b ia s  T c i r c u i t  was u sed  
to  p rov ide  th e  dc b ia s in g  fo r  th e  photodiode and ac co u p lin g  
o f  th e  d e te c te d  c u rre n t waves to  th e  o s c il lo sc o p e . The u se  o f  a
-  I l k  - '
r e s i s ta n c e  i n  th e  dc supply  p a th  vas found to  he much b e t t e r  th a n  
th e  use  o f  an in d u c to r  s in c e  i t  was observed th a t  th e  l a t t e r  
in tro d u ce d  a  l o t  o f d i s to r t io n  on th e  f a l l i n g  edge o f th e  p u ls e .
This f a c t  was checked u s in g  an o rd in a ry  T ju n c tio n  (R = O) and 
comparing th e  o u tp u t p u lse  w aveshapes. The d isad v an tag e  o f u s in g  
no r e s is ta n c e  on th e  dc supp ly  p a th  was th e  lo s s  o f  co n s id e ra b le  
amount o f power. The h ig h  r e s is ta n c e  a ls o  p ro te c te d  th e  p h o to d io d e .
The d e ta i l s  o f th e  c o a x ia l c i r c u i t  in  which th e  EBS diode i s  
mounted i s  shown in  F ig u re  k .8 *
Photodiode
—> to
sam pling
o s c il lo s c i
G eneral
Radio
T -Ju n c tio n
G eneral Radio 
Coupling C ap ac ito r
S ta b i l iz e d  DC Power Supply
Figure 4.8 Coaxial C ircu it in  which th e Photodiode i s  mounted.
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CHAPTER 5 
EXPERIMENTAL RESULTS ARP DISCUSSIONS
In t h i s  c h ap te r  we p re se n t our ex p erim en ta l r e s u l t s  and 
d is c u s s  th e se  r e s u l t s  under th e  l i ^ t  o f u n d e rs tan d in g  th e  th e o ry  
and assum ptions g iven  in  c h ap te r  2 and c h ap te r  3 .
In  s e c t io n  5 .1 . we r e p o r t  th e  ex p erim en ta l r e s u l t s  o f th e  
sim ultaneous a p p lic a t io n  o f th e  EEC and avalanche m u l t ip l ic a t io n  o f  
s i l i c o n  p-n  ju n c tio n  t a r g e t s .  From th e se  measurem ents i t  i s  concluded 
th a t  th e  EEC and th e  c o n tro l le d  avalanche e f f e c t  can occur to g e th e r  
in  th e  EES t a r g e t s  and th e s e  phenomena '  can he cascaded as p re d ic te d .
To compare th e  th e o ry  and ex p erim en ta l r e s u l t s  fo r  EEC g a in , 
t h e o r e t i c a l  curves f o r  e le c tro n  a c c e le r a t io n  p o te n t ia l s  s im i la r  to  
p o te n t ia l s  used  in  our experim ents a re  g iven  in  F ig u re  5 .2 .  a ,  h ,  c ,  d , 
e ,  f .  These t h e o r e t i c a l  c u rv e s -a re  based  on th e  assum ption t h a t  t h e . 
id e a l  ga in  i s  E ^ /3 .6 , and w ith  th e  use o f  th e  ex p erim en ta l curve g iven  
in  F ig u re  5*1 &re u s e f u l  in  e s tim a tin g  th e  s u r fa c e  recom bination  v e lo c i ty .
We n ex t g ive  th e  exp erim en ta l r e s u l t s  on th e  v a r ia t io n  o f  
m u l t ip l ic a t io n  c o e f f i c i e n t s ,  f o r  two d i f f e r e n t  avalanche  pho tod iodes 
hav ing  d i f f e r e n t  s t r u c tu r e s ,  w ith  th e  re v e rse  b ia s  up to  breakdown, f o r  
p rim ary  e le c tro n  en e rg ie s  in  th e  range 7 -  30 keV. F ig u re  5 .4  and 
F ig u re  5*7 show th e  dépendance o f th e  m u l t ip l ic a t io n  c o e f f ic ie n ts  on 
th e  p e n e tr a t io n  depth o f  th e  e le c tro n  beam, s in c e  th e  p e n e tr a t io n  
dep th  dec id es  pure  h o le  o r a m ix tu re  o f  e le c t ro n  and h o le  i n j e c t io n
-  116 -
in to  th e  avalanche zone to  i n i t i a t e  th e  m u lt ip lc a t io n  p ro c e ss . 
C onsistency  o f  th e  observed  curves w ith  th e  t h e o r e t i c a l l y  excep ted  ones 
in  F ig u re  5 .4  su g g es ts  t h a t  th e  e le c tro n  bombardment o f  a  p -n  ju n c tio n  
can be used  as an a l t e r n a t iv e  e x c i ta t io n  source  t o  l i g h t  o b ta in in g  th e  
m u l t ip l ic a t io n  d a ta .
S ince th e  c a lc u la t io n  o f  M ille r  exponent can be a  sh o r t  cu t 
to  c a lc u la te  th e  m u l t ip l ic a t io n  f a c t o r s , g e n e ra l M ille r  exponents n 
a re  c a lc u la te d  fo r  two diodes from th e  ex p erim en ta l m easurem ents.
In  s e c t io n  5*2. we g iv e  th e  ex p e rim en ta lly  observed  and 
th e o r e t i c a l l y  computed p u lse  shapes • fo r  EBS t a r g e t s  under e le c tro n  
bombardment. The exp erim en ta l p u lse  shapes g iven  in  F ig u re  5-9- 
and 5» 10 made us decide  to  make a model as g iven  in  c h a p te r  2 . To 
develop th e  m athem atics o f t h i s  model some assum ptions a re  made.
The p rim ary  assum ptions in  t h i s  a n a ly s is  a re  t h a t
i )  th e  c a r r i e r  d i s t r ib u t io n  i s  g en e ra ted  in s ta n ta n e o u s ly  w ith  th e  
c a r r i e r s  hav ing  t h e i r  s a tu r a te d  v e lo c i t i e s  and t h a t  i s  why th e  computed 
c u r re n t  wave forms g iven  in  F ig u re  5-10 a ,b .  F ig u re  5»11 a ,b  and F ig u re  
5 .1 2  a ,b  do n o t s t a r t  from zero  a t  t  = 0
i i )  th e  r i s e  tim e i s  independent o f  th e  m u l t ip l ic a t io n  p ro cess  
which in  f a c t  i s  n o t in  accordance w ith  sm all s ig n a l  th e o ry  o f  avalanche 
pho tod iodes and perhaps in d ic a te s  th e  s im p lic i ty  o f  th e  model used
i i i )  d if f u s io n  e f f e c t s  in  h ig h  e l e c t r i c  f i e l d  a re  ig n o red  in  th e  
m odel.
The im p o rtan t p o in ts  to  look  a t  in  th e se  computed curves a re  th e  shapes
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o f  th e  c u r re n t  wave forms and one must n o t ic e  t h a t  th e s e  shapes a re  
changing w ith  m u l t ip l ic a t io n  f a c to r ,  e le c tro n  p e n e tr a t io n  dep th  and 
th e  d if f e r e n c e  o f  v e lo c i t i e s  o f  th e  c a r r i e r s  g e n e ra te d .
5 . 1 . E xperim ental P roced u re , R e su lts  and D iscu ssio n  f o r  EBC and
A valanche Gain
A f te r  th e  system  had been evacua ted  t o  a  p re s su re  o f about 
lü ^  t o r r ,  th e  e le c tro n  gun f ila m e n t was sw itched  on and th e  E.H.T. 
was s e t  t o ,  say  10 keV. The bombarding v o lta g e  was m easured d i r e c t l y  
u s in g  th e  m eter su p p lie d  w ith  th e  H ursant e le c t r o n ic s  power supp ly . 
The beam in te n s i ty  was c o n tro l le d  w ith  th e  b ia s  c o n tro l  o f th e  
Wehnelt c y l in d e r . The c u rre n t in  th e  fo cu s in g  c o i l  was a d ju s te d  
to  focus th e  beam to  a f in e  sp o t and th e  t i l t  ad ju stm en ts  were used  
to  b r in g  th e  sp o t to  a mark on th e  s h u t te r  p la c e d  above th e  specimen 
h o ld e r , This p re c a u tio n  was n e c e ssa ry  t o  av o id  o v er-exposu re  o f 
th e  pho tod iodes w h ile  s e t t in g  up th e  a p p a ra tu s . Wien p ro p e r ly  
focused  and p o s it io n e d  th e  sp o t was v e r t i c a l l y  j u s t  above th e  
pho tod iodes * a c t iv e  a re a .
In  a l l  experim ents c u rre n ts  w ere m easured w ith  th e  e le c t ro n  
beam scann ing  one l i n e  r a th e r  th a n  th e  beam a t  one s p o t .  P a r a l l e l  
d e f le c t io n  p la te s  were used to  co n v ert th e  e le c tro n  bombardment 
a p p ara tu s  to  th e  scanning  mode. This was done to  reduce th e  e f f e c t s  
o f lo c a l  h e a tin g  and p o s s ib le  damage a t  h ig h e r  e le c t ro n  beam v o lta g e s  
to  th e  photod iode s u r fa c e .
D e term in atio n  o f th e  photod iode g a in  re q u ire s  th e  measurement
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o f e le c tro n  beam c u rre n t and th e  pho tod iode c u r r e n t .  These c u r re n ts  
were m easured by a  K e ith le y  ty p e  I 50 B picoam m eter. The beam 
c u r re n t  i ^  was k ep t in  th e  range  o f  10^ and 10^^ A to  reduce 
c o n tam in a tio n , which causes lo s s  o f  e x c i ta t io n  e le c t r o n s ,  p a r t i c u l a r ly  
a t  low e n e rg ie s .  The photod iodes were f i r s t  re v e rse d  b ia se d  w e ll 
under th e  breakdown v o lta g e  so t h a t  th e  in c re a s e  o f th e  pho tod iode 
c u r re n t  was due on ly  t o  e le c tro n  bombardment. The r e s u l t i n g  induced  
c u r re n ts  were above th e  diode d ark  re v e r s e  s a tu r a t io n  c u r r e n t .
Knowing th e  d iode c u r re n ts  i ^  and i^  under e le c tro n  i r r a d i a t i o n  
and w ith o u t i r r a d i a t i o n  r e s p e c t iv e ly ,  we may deduce th e  c u r re n t  
r e s u l t in g  from th e  e x te r n a l  e x c i ta t io n
and hence th e  EBC g a in  can be c a lc u la te d  u s in g
^EBC "  i^  (5 *2 )
The avalanche m u l t ip l ic a t io n  e f f e c t  on th e  pho tod iode  ga in  
was m easured in c re a s in g  th e  re v e rse  b ia s  above th e  breakdown v o l ta g e s .  
When th e  re v e rs e  b ia s  was in c re a se d  th e  photod iode c u rre n t i ^  and 
ig  became v o lta g e  dependent and th e  m u l t ip l ic a t io n  f a c to r  M(V) a t  
th e  v o lta g e  V was c a lc u la te d  u s in g
-  119 --
i  (V) i . ( V )  -  i  (V)
= i W  = l ' - - L  ^5 .3)
T here fo re  th e  o v e r a l l  photodiode g a in  can he w r i t t e n  as
°T °  °EBC • (5 .W
The ex p erim en ta l r e s u l t s  a re  shown in  t a b le  1 fo r  th e  EMI 
p ho tod iode . These measurements f o r  each d i f f e r e n t  in c id e n t  beam 
energy  were ta k en  a t  about one hour i n t e r v a l s .  The p e n e tr a t io n  
dep th  o f  p rim ary  e le c tro n s  has been c a lc u la te d  f o r  each  bom barding 
v o lta g e  and i s  in c lu d ed  in  th e  t a b l e .  This d is ta n c e  i s  d e f in e d  as 
th e  range a f t e r  which 99 1» o f  th e  im pinging e le c tro n s  a re  abso rbed . 
The r e s id u a l  1 % e le c tro n s  c r e a te s  , 1  ^ o f  th e  t o t a l  number 
o f  e le c tro n -h o le  p a i r s  g e n e ra te d . This n e g le c te d  f r a c t io n  i s  w e ll 
w ith in  th e  m easuring accuracy  assumed f o r  t h i s  work.
To reduce th e  e f f e c t s  o f lo c a l  h e a tin g  th e  c u rre n ts  were 
m easured w ith  th e  e le c tro n  beam in  th e  scann ing  mode. S ince we know 
th a t  a  number o f  f a c to r s  l im i t  th e  r is e - t im e  o f th e  observed  s ig n a l ,  
i t  was n e ce ssa ry  to  t e s t  fo r  such f a c to r s  by v a ry in g  th e  l i n e  scan 
speed  and de term in ing  w hether th e  form o f  th e  s ig n a l  v a r ia t io n  changed. 
When a v o lta g e  w ith  frequency  in  th e  kHz range was a p p lie d  to  th e  
d e f le c t in g  p la te s  th e  am plitude o f  th e  s ig n a l  was independent o f  th e  
scan  speed . .
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F ig u re  5 .1  shows th e  v a r ia t io n  o f  th e  EBC g a in  w ith  in c id e n t
beam energy  f o r  th e  EMI pho to d io d e . The photodiode has an n"*" la y e r
th ic k n e s s  o f 2 .5  m icron . The re v e rse  b ia s  u sed  t o  m easure th e  EBC
g a in  was o f  th e  o rd e r o f 60 v o l t s  a t  which th e  d e p le tio n  la y e r  ex tended
up to  6 m icron . This re v e rse  b ia s  was w e ll below  th e  breakdown v o lta g e
o f  th e  pho tod iode and no avalanche m u l t ip l ic a t io n  o f  g e n e ra te d  c a r r i e r s
was ta k in g  p la c e . T h erefo re  th e  g a in  m easured was due on ly  to  th e
in c re a s e  in  th e  e le c tro n  bombardment c o n d u c tiv ity . Prim ary beam
e n e rg ie s  7 t o  25 keV were used to  c re a te  e le c tro n -h o le  p a i r s  in  
+
th e  n la y e r  and th e  d e p le tio n  re g io n  o f th e  p h o to d io d e , s in c e  th e  
t h e o r e t i c a l  c a lc u la t io n  fo r  th e  EBC g a in  g iven  in  c h ap te r  2 does 
n o t in c lu d e  th e  ga in  from th e  u n d ep le ted  m a te r ia l .  T h e o re tic a l  
curves o f EBC g a in  v e rsu s  ju n c tio n  dep th  a re  p re se n te d  in  F ig u re  
5 .2  a ,  b ,  c ,  d , e and f  u s in g  d i f f e r e n t  v a lu es  o f s u rfa c e  recom bination  
v e lo c i ty  as a param eter and fo r  beam v o lta g e s  used  in  th e  ex p erim en ts . 
A lso th e  ex p erim en ta l p o in ts  fo r  th e  EBC g a in s  a re  shown on th e se  
f ig u r e s .  The ex p erim en ta l r e s u l t s  and th e  t h e o r e t i c a l  curves 
su g g es t t h a t  a  su rfa c e  recom bination  v e lo c i ty  o f  7 x 10^ cm /sec 
e x i s t s  a t  th e  pho tod iode s u r fa c e . For th e  c a lc u la t io n  o f  th e  s u rfa c e  
recom bination  v e lo c i ty  th e  energy re q u ire d  to  c re a te  one e le c t r o n -  
h o le  p a i r  i s  tak en  to  be 3 .6  e le c tro n  v o l t s .
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As th e  re v e rs e  b ia s  was in c re a se d  over 60 v o l t s ,  avalanche 
m u l t ip l ic a t io n  o f  t h e 'c a r r i e r s  occu red . The ex p erim en ta l r e s u l t s  
on th e  v a r ia t io n  o f  th e  m u l t ip l ic a t io n  c o e f f ic ie n t  w ith  th e  re v e rse  
b ia s  up to  breakdown, f o r  p rim ary  e le c tro n  e n e rg ie s  in  th e  range 
7 “ 25 keV a re  shown in  F ig u re  5 •3» A p lo t  o f  th e  r e c ip ro c a l  v a lu es  
o f th e  m u l t ip l ic a t io n  c o e f f ic ie n t  v e rsu s  th e  a p p lie d  b ia s  v o lta g e  
has been adopted . I f  we c o n s id e r th e  two extrem e curves o f  F ig u re  
5 . 3 , a  rem arkable d if fe re n c e  ap p ea rs . This i s  due to  th e  f a c t  t h a t  
e le c tro n s  and h o le s  have d i f f e r e n t  avalanche m u l t ip l ic a t io n  
c h a r a c t e r i s t i c s .  At th e  p rim ary  beam e n e rg ie s  7 t o  15 keV a l l  
th e  e le c tro n -h o le  p a i r s  a re  c re a te d  w ith in  th e  2 .5  m icron d if fu s e d  
la y e r  n ea r th e  s u r fa c e . This r e s u l t s  in  a  pu re  h o le  in je c t io n  
in to  th e  m u l t ip l ic a t io n  re g io n .
At a  beam v o lta g e  o f  20 keV about 88 p e rc e n t o f  th e  g en e ra ted  
e le c tro n -h o le  p a i r s  a re  c re a te d  w ith in  th e  n'*’ la y e r  and 12 p e rc e n t 
in  th e  d e p le t io n  re g io n . A lso fo r  th e  beam v o lta g e  o f 25 keV 64 
p e rc e n t o f th e  e le c tro n -h o le  p a i r s  a re  c re a te d  w ith in  th e  n^ la y e r  
and 36 p e rc e n t in  th e  d e p le t io n  re g io n . T h ere fo re  f o r  th e s e  cases  
th e  c a r r i e r  m u l t ip l ic a t io n  p ro cess  was i n i t i a t e d  by a m ix tu re  o f  
e le c tro n s  and h o le s .
The two extrem e curves o f F ig u re  5 «3 th e n  co rrespond  to  pu re  
h o le  c u r re n t  in je c t io n  (7 , 10 , 13 , 15 keV) in to  th e  avalanche zone 
from th e  ju n c tio n  and t o  a  m ix tu re  o f e le c tro n  and h o le  c u rre n t 
in je c t io n  f o r  20 , 25 keV. The in c re a se  o f th e  p rim ary  e le c tro n  beam 
energy  s h i f t s  th e  m u l t ip l ic a t io n  curve tow ards la r g e r  m u l t ip l ic a t io n
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c o e f f ic ie n ts »  s in c e  an in c re a s e  o f  causes an in c re a s e  o f  th e
in je c t io n  e le c t r o n s ,  w hich a re  th e  more io n iz in g  c a r r i e r s  in  s i l i c o n .
This p ro p e r ty  I S  a ls o  shown hy th e  dashed th e o r e t i c a l  curves
in  F ig u re  5»3 which have heen computed u s in g  io n iz a t io n  r a t e s
based  on m u l t ip l ic a t io n  measurements perform ed by Lee e t .  a l .  
u s in g  c a r r i e r  in je c t io n  by l i g h t .  The d e p le t io n  re g io n  was d iv id e d
in to  sm all i n t e r v a l s  and th e  io n iz a t io n  in te g r a l s  g iven  in  eq u a tio n
(3.U ) and eq u a tio n  (3 .5 )  were computed u s in g  a com puter by Simpson*s
r u l e .  The computer program i s  g iven  in  appendix  I .
To c a lc u la te  th e  io n iz a t io n  in te g r a l s  by a computer i s
somewhat cumbersome and a  s im i la r  ex p re ss io n  was proposed  by M ille r
g iven  by  eq u a tio n  (3 .1 1 ) . A ccording to  M ille r* s  Law a  p lo t  o f  
I lo g  ( l  -  1/M )| v e rsu s  |lo g  (V/Vg^)| would be a  s t r a ig h t  l i n e  w ith
slo p e  n . In  F ig u re  $ .4  a p lo t  o f  |lo g  ( l  -  1/M )| v e rsu s  |lo g  (V/V^^)
has been  ad o p ted . The curve co rresp o n d in g  t o  pure  h o le  in j e c t i o n ,  
i . e . ,  f o r  m u l t ip l ic a t io n  c o e f f ic ie n t  m easured u s in g  beam e n e rg ie s  
7 , 10 , 13 , 15 keV i s  n e a r ly  r e c t i l i n e a r  and th e r e f o r e  can be 
c h a ra c te r iz e d  by a  d e f in i t e  M ille r  * s exponent (n -  1 2 ). But th e  
o th e r  curves co rresp o n d in g  to  beam e n e rg ie s  o f  20 keV and 25 keV and 
th e  computed curve fo r  pure  e le c tro n  in je c t io n  a re  n o t s t r a i g h t  l i n e s .  
To each v a lu e  o f V/V^^ an exponent n must be a s s o c ia te d .  The 
v a lu es  o f th e  exponent n o b ta in e d  a re  shown on F ig u re  5 .5 .  The 
v a lu e  o f exponent n d ecreases  w ith  th e  in c re a s e  o f b ia s  v o lta g e . 
T here fo re  i t  would be in t e r e s t i n g  to  f in d  a law l in k in g  th e  exponent 
n to  th e  v o lta g e  a p p lie d .
-  137 -
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F igu re  5 .5  V a ria tio n  o f th e  Exponent n w ith  th e  V oltage f o r  pure  
E lec tro n  In je c t io n
Since a p lo t  o f n v e rsu s  CV/Vg^) g ive  n e a r ly  a  s t r a ig h t  
l i n e ,  th e  l in k in g  law  would be
( V  ^n = a (:— 1 + C
^Br
(5 .5 )
where a i s  th e  s lo p e  and C i s  th e  in te r c e p t  a t  (v/V^^) = 0 . 
For pure  e le c tro n  in je c t io n  we can th e n  w r ite
V 1 / 2
. = -  4.6316  ( ^ p ^ )  + 4.9584 (5 . 6 )
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T able 2 shows th e  ex p erim en ta l r e s u l t s  f o r  EBC and avalanche 
m u l t ip l ic a t io n  f o r  AEG-Telefunken pho to d io d e . The m u l t ip l ic a t io n  
v e rsu s  re v e rs e  b ia s  i s  p lo t te d  in  F ig u re  5*^ f o r  e le c tro n  
bombarding v o lta g e s  o f  T keV and 25 keV. The k in k  in  th e  ; 
m u l t ip l ic a t io n  curve re p re s e n ts  a c o r r e c t ly  d if fu s e d  and m icro plasma 
f r e e  p h o to d io d e . The re a c h  th rough  v o lta g e  i s  approx im ate ly
45 v o l t s . The v o lta g e  in  excess o f 45 v o l t s  i s  dropped a c ro ss  
th e  t o t a l  i n t r i n s i c  w id th  o f th e  tt r e g io n . The f i e l d  in  th e  
m u l t ip l ic a t io n  re g io n  and hence th e  m u l t ip l ic a t io n  f a c to r  in c re a se  
r e l a t i v e l y  slow ly  w ith  in c re a s in g  b ia s  v o lta g e  above re a c h -th ro u g h .
F ig u re  5 . T i s  a  p lo t  o f |lo g  ( l  -  1/M )| v e rsu s  |lo g  (V/V^^) 
The M ille r  exponents a t  d i f f e r e n t  b ia s  v o lta g e s  a re  c a lc u la te d  and 
in c lu d ed  in  th e  p l o t . For avalanche m u l t ip l ic a t io n  i n i t i a t e d  by 
e le c tro n s  produced by 25 keV beam energy , n^ can be re p re se n te d  
by th e  eq u atio n
-  -  6 . 3 5 7  ( ÿ ^ )  ^  + 0 * 5 7 1  ( 5 . 7 )
Br
where 7^^ i s  eq u al to  175*3 v o l t s .
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70 - Figure 5 ,6  Avalanche m ultip lication  vs h ias voltage  
for ABG-Telefunken photodiode60 -
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5*2. C urren t v av e fo m s produced by e le c tro n  bombardment
These m easurements were o h ta in e d  from o b se rv a tio n  o f c u r re n t 
"Waveforms produced by an i n i t i a l  e le c tro n  beam which o s c i l l a t e d  back 
and f r o  in f r o n t  o f th e  sam ple. The d u ra tio n  th a t  th e  beam was on 
th e  sample e f f e c t iv e  a re a  sho u ld  be v a r ie d  by a d ju s t in g  th e  frequency  
o f  th e  v o lta g e  a p p lie d  to  th e  d e f le c t io n  system . The minimum tim e 
was 32 p ico seco n d s.
D ata was c o l le c te d  g ra p h ic a l ly  u s in g  th e  X-Y re c o rd e r  in  
co n ju n c tio n  w ith  th e  sam pling o s c i l lo s c o p e . The o u tp u t p u lse  caused 
by th e  moving charge sh ee t in  th e  photodiodes was reco rd ed  f o r  a 
range o f in p u t dc v o l ta g e . A ty p ic a l  s e t  o f d a ta  as i t  was reco rd ed  
fo llo w in g  bombardment i s  p re se n te d  in  F ig u re  (5 .8 )  f o r  EMI photodiode 
and in  F ig u re  (5 .9 )  and F ig u re  (5 .1 0 ) f o r  AEG p ho tod iode .
I t  was n o ted  th a t  th e  e l e c t r i c a l  p u lse s  in  F ig u re  (5 .8 )  f o r
EMI photodiode show a d i s t i n c t  k in k , which may be e x p la in ed  by th e
r e le a s e  o f th e  charge beyond th e  d e p le t io n  la y e r  and from th e  f r o n t  n^
c o n ta c t l a y e r .  The r i s e  tim e o f t h i s  photodiode i s  about 800 p icoseconds
This r i s e  tim e  i s  e f f e c te d  by th e  h o le s  e n te r in g  in to  th e  d e p le t io n
re g io n  from th e  n^ la y e r  by d i f f u s io n ,  and a lso  by th e  t r i a n g u la r
e l e c t r i c  f i e l d  e s ta b l is h e d  in  th e  d e p le t io n  l a y e r .  I f  th e  e le c tro n s
and h o le s  had moved w ith  t h e i r  s a tu r a t io n  v e l o c i t i e s ,  v  , in  th e  d r i f ts '
re g io n  one m ight have expec ted  a r i s e  tim e o f 266 p ico seco n d s. To 
f in d  an ex ac t s o lu tio n  fo r  th e  t r a n s p o r t  o f c a r r i e r s  w ith  th e  
t r i a n g u la r  e l e c t r i c  f i e l d  one has to  so lv e  th e  fo llo w in g  c o n t in u i ty  
eq u a tio n
-  1%5 -
i t  -  + GgCx) (5 .7 )
This eq u a tio n  c o n ta in s  b o th  th e  d if fu s io n  and th e  d r i f t  te rm s . 
'When th e  e l e c t r i c  f i e l d  i s  h ig h  n e a r  th e  ju n c tio n  th e  d r i f t  te rm  i s  
dominant and when th e  e l e c t r i c  f i e l d  i s  low a t  th e  end o f th e  d e p le tio n  
l a y e r ,  th e n  th e  d if fu s io n  p ro cess  ta k e s  o v er. Every c a r r i e r  produced . 
and m u lt ip l ie d  in  th e  pho tod iode has to  pass th rough  t h i s  d if fu s io n  
dom inated re g io n . S ince d if fu s io n  ta k e s  much lo n g e r tim e th an  
d r i f t i n g  th e  r i s e  tim e o f  th e  photodiode would be m ain ly  c h a ra c te r iz e d  
by th e  d if f u s io n  tim e .
For th e  AEG-Telefunken reach -th ro u g h  avalanche photodiode 
th e  n^ c o n ta c t la y e r  i s  very  th in  so t h a t  one can n e g le c t th e  e f f e c t  
o f t h i s  l a y e r .  The r i s e  tim e and th e  f a l l  tim e o f t h i s  photodiode 
when i t  had no t reach ed -th ro u g h  would be l im i te d  ag a in  by c a r r i e r  
d i f f u s io n .  To compare th e  exp erim en ta l and th e o r e t i c a l  r e s u l t s  
th e  computer p lo t  o f th e  c u rre n t p u lse  shapes a re  a ls o  g iven  fo r  
d i f f e r e n t  p rim ary  e le c tro n  en e rg ie s  u s in g  d i f f e r e n t  m u l t ip l ic a t io n  
f a c t o r s . F ig u re  (5 .1 0 .a) shows a Set o f  c u rre n t p u ls e  shapes under 
25 keV e le c tro n  bombardment f o r  e le c tro n  d r i f t  v e lo c i ty  o f  10^ cm /sec 
and h o le  d r i f t  v e lo c i ty  o f  8 x 10^ cm /sec. F ig u re  (5..1 0 .b ) shows 
a  s e t  o f  c u r re n t p u lse  shapes w ith  th e  same i n i t i a l  e le c tro n  
bombardment v o lta g e  f o r  e le c tro n  v e lo c i ty  o f  1 0  ^ cm/sec and h o le  
d r i f t  v e lo c i ty  1 0  ^ cm /sec.
Figure C5.11.a) a lso  g iv es  a p lo t  o f  fam ily  o f  curves fo r
-  146
prim ary  e le c t ro n  energy  o f 35 keV -with, unequal e le c tro n  and h o le  
d r i f t  v e lo c i t i e s  and F ig u re  (5 * ll« h ) i s  f o r  equal d r i f t  v e lo c i t i e s .
+
F or e le c tro n  beam p e n e tr a t in g  up to  th e  p c o n ta c t ,  th e  
c u rre n t p u ls e  shapes a re  as shown in  F ig u re  (5 .1 2 .a ) w ith  unequal 
e le c tro n  and h o le  d r i f t  v e lo c i t i e s  and w ith  eq u al d r i f t  v e lo c i t i e s  
in  F ig u re  (5 .1 2 .b ) .
The com puter program p lo t t in g  th e se  fam ily  o f curves i s  
g iven  in  Appendix I I .
From th e .e x p e r im e n ta l and th e  t h e o r e t i c a l  curves one“can 
see  th a t  th e  shapes o f th e  e l e c t r i c a l  p u lse s  changes w ith  e le c tro n  
bombardment e n e rg ie s  and th e  v o lta g e  a p p lie d  to  th e  ph o to d io d e .
A lthough e x p e rim en ta lly  observed  and th e o r e t i c a l l y  computed c u rre n t 
wave forms a re  s im ila r  in  shape f o r  th e  same m u l t ip l ic a t io n  f a c to r s  
and p e n e tr a t io n  d e p th s th e ir  tim e s c a le s  a re  d i f f e r e n t .  This may be 
due to  th e  assum ptions made in  th e  th e o r e t i c a l  model o r due to  th e  
e f f e c t s  o f  th e  e x te rn a l  c i r c u i t  used to  d e te c t  th e se  c u rre n t wave fo rm s.
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CHAPTER 6 
CONCLUSIONS
I t  has been shown w ith  th e o r e t i c a l  and ex p erim en ta l r e s u l t s  
t h a t  th e  e x c i t a t io n  o f e le c tro n -h o le  p a ir s  by an e le c tro n  beam 
makes i t  p o s s ib le  to  in v e s t ig a te  th e  param eters  which c h a ra c te r iz e  
th e  perform ance o f s i l i c o n  avalanche p h o to d io d es . These param eters  
a re  th o se  which can be c o n tro l le d  by th e  c a r e fu l  m anufacture  o f  th e  
d io d e s . The e x p re ss io n s  fo r  s t a t i c  and tim e-dependen t c u r re n t g a in s , 
which were d e riv e d  from s o lu tio n s  o f  th e  d if f u s io n  eq u a tio n  and 
boundary c o n d itio n s  u s in g  th e  m athem atica l model su g g es ted  f o r  
a n a ly s is ,  a re  u s e fu l  f o r  e s tim a tin g  th e  e f f e c t s  o f  th e se  d iode 
param eters  on e f f ic ie n c y  and frequency  l im i t a t i o n s .
Frequency l im i ta t io n s  o f th e se  diodes a re  s im i la r  t o  th o se  
r e s u l t in g  from th e  d ecrease  o f  th e  t r a n s p o r t  f a c to r  in  th e  base  o f  
a  b ip o la r  t r a n s i s t o r  a t  h igh  f re q u e n c ie s . C a lc u la tio n s  in d ic a te  
t h a t  th e  dep th  o f th e  ju n c tio n  shou ld  decrease  w ith  in c re a s in g  
frequency  f o r  p re s e rv a tio n  o f c o n s ta n t dynamic g a in .
E xperim ental measurements which have been o b ta in e d  f o r  th e  
e le c tro n  bombardment c o n d u c tiv ity  under c o n tro l le d  av a lan ch in g  
c o n d itio n s  have g iven  good agreement between m easured and c a lc u la te d  
g a in s  f o r  s e v e ra l  p h o tod iodes. I t  was shown th a t  th e  EBC g a in  and 
th e  avalanche m u l t ip l ic a t io n  o f th e se  d iodes can be cascaded  and
-  165 -
an o v e r a l l  c u r re n t m u l t ip l ic a t io n  o f  th e  o rd e r 10  ^ was dem onstrated . 
I t  has been concluded th a t  fo r  th e  achievem ent o f  h ig h  g a in  and 
e f f ic ie n c y  th e  dep th  o f th e  ju n c tio n  shou ld  be decreased  t o  0 .3  
m icro n s. Then an a r ra y  o f  such ju n c tio n s  can be made in d iv id u a l ly  
conducting  by a lo w -c u rre n t e le c tro n  beam d e f le c te d  to  th e  d e s ire d  
ju n c t io n ,  one can c o n tro l th e  flow  o f r e l a t i v e ly  h ig h  c u rre n ts  in  
th e  co rresp o n d in g  e x te rn a l  c i r c u i t .
T here fo re  one o f th e  fu tu r e  aims cou ld  be to  determ ine th e  
resp o n se  o f  s i l i c o n  avalanche photodiode a r ra y s  to  e le c t r o n s ,  and 
to  a sse s  t h e i r  s u i t a b i l i t y  f o r  use in  e le c tro n  im aging dev ices and 
in s tru m e n ts .
The p re s e n t r e s u l t s  a lso  in d ic a te  th e  p o s s i b i l i t y  o f  o b ta in in g  
m eaningfu l m u l t ip l ic a t io n  d a ta  by e le c tro n  e x c i ta t io n  in  th e  same 
way as p re v io u s ly  done by l i g h t .  In  th e  case  o f  e le c tro n  e x c i ta t io n  
th e  e le c tro n  energy  p lay s  th e  r o le  o f th e  w avelength o f  l i g h t , as 
i t  de term ines th e  dep th  o f th e  e x c i ta t io n  and hence th e  ty p e  o f 
in je c t io n .  The e le c tro n  e n e rg ie s  which were a v a i la b le  by e le c tro n  
bombardment ap p ara tu s  allow  e x c i ta t io n  depths in  s i l i c o n  from  0 .5  
m icrons to  approx im ate ly  15 m icrons. This e le c tro n  e x c i ta t io n  dep th  
i s  c h a ra c te r iz e d  by a d e f in i te  ra n g e , whereas t h i s  does n o t occur 
w ith  e x c i ta t io n  by l i g h t , which has an ex p o n en tia l g e n e ra tio n  
fu n c tio n . This p ro p e rty  o f e le c tro n  e x c i ta t io n  cou ld  g iv e  a  b e t t e r  
s e l e c t i v i t y  in  e x c it in g  deep s t r u c tu r e s .  The much low er sp o t s iz e  
a t t a in a b le  w ith  e le c tro n s  in  com parison w ith  l i g h t  cou ld  prove
— i6 6  —
p a r t i c i i l a r iÿ l ' u s e f u l  f o r  ob serv in g  th e  u n ifo rm ity  o f m u l t ip l ic a t io n  
a t  h ig h  r e s o lu t io n  o r fo r  lo c a l iz e d  m u l t ip l ic a t io n  s tu d ie s  on 
m icroplasm a o r o th e r  d e fe c ts .
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Appendix I
a ) m u l t ip l ic a t io n  f o r  pure  h o le  in je c t io n
This program computes th e  m u l t ip l ic a t io n  f a c to r  f o r  pu re  
h o le  in je c t io n  in to  th e  avalanche zone from th e  p o s i t iv e  x d i r e c t io n .
nrvitr I FT -,
I CT Q
CÛ25 let S = l l .  8+8. 854E-14 
8 8 :8  FOR V=140 TO 195 8TE!=' . 2 
0040 LET 5
0050 LET V=5E-09
0055 -LET R6=0
0055 cnp x=o TO |.i-20+Y E“ E-' Y
0.070 let  E= ( 0+N/S ) N- ( X+ ( Y /2 ) / )
0080  LET 91=22500000=^' = E: :P - 5 2 5 0 0 0 0 /E )
0090 LET R2=:8O0OOO=^=\EXP(-i75OO00/EX' 
0100 LET 93= 93+ (A2-R1 ."*+8
0110 LET R5=95+(R1=+=Y:' + \EXP(R3) )
f.:.-! Tm r;r-v’T
0125 LET M l= l/'::1 -A 5)
O l50 C'OINT V.= Ml.' H5
0150 NEXT  
0170 END
_  . .  ■ • '
b ) m u l t ip l ic a t io n  fo r  pure  e le c tro n  in je c t io n
This program  computes th e  m u l t ip l ic a t io n  f a c to r  f o r  pure 
e le c tro n  in je c t io n  in to  th e  avalanche zone from th e  n e g a tiv e  x 
d i r e c t io n .
0015 LET N=2E-^15
0020 LbT 0=1. bE—18
0025 LET E=il. 8*8. 85:]E-14
0030 FOR V=140 TO 185 S~E P . 2
0040 I . r j 1.1= r v;+T.' -1+ > t- =
0050 LET Y=5E-08
0055 LET R6=0
0060 LET .93=0
0065 FOR X=W-1000*Y TO V STEP '-Y)
0070 LET E=(Q+N/5
0080 LET 91=22500000* r ' C ' -• •- F p r« n p cr
0080 i nr T H ■-•'=T m m m m m T: rtrv‘C*i' - 1 -T •
0100 :+:U
0110 LET A6=A6+<R1*Y:' *'-.EX^  (R3)
0120 NEXT X
0125 LET f'i 1 = 1 . 1-R6 ;>
0150 PRINT V.. Ml.. R6
0160 NEXT V
0170 END
■ The d if fe re n c e  between m u l t ip l ic a t io n  in te g r a l s  fo r  pu re  
h o le  and e le c tro n  in je c t io n  re s id e s  in  th e  f a c t  t h a t  th e  f i e l d  has 
been tu rn e d  around.
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Appendix I I
T his program computes th e  c u rre n t wave forms produced by 
e le c tro n  in je c t io n  in to  an avalanche s i l i c o n  p ho tod iode .
- 1 7 8  --
-710 RiM NAME. -"PROG^VAFÜOL"- BY DIPL. INC. H. 1  YRROL
0020 PRINT " .'I'll- 21O0+-?- QPPPMF r+x+xirirHxjxkf+xtx+xK^ z^ xk kixM+Hx^ : K+^ x+x+x+xf:*:*:
0022- DIM RTC10L Y$C33.. Gf!:33
0024 LJLT p l= jL R L 2 l)*4
0020 OM ESC -n-'EN GC‘SUB.0508 '
00-10 '-''RirTr ■ ■
0 0 2 0  G0 0 !.’L 0 0 ! ^0
1-Ü- 4P PfjCMp -i PPM
0042 000UE' 00-10
0044 PRINT •
OO'i0  ] NT " T '- i0  PROGRAM JNtRODUCES YOU TO THE G^ ’RPHICE F"flCIL'fTTES l ‘2ED TO"
0047 PRINT "PLOT A FAMILY OF CURVES Y=F':X. R )"
004Ç pRiPjT .
O' '00 F’I'IÎN" "A TTijfjrTlON HAG BEEN SPEC IF  ÏED AS P SUBROUT INF PTAPT AT "
0002 P'PINfT "L I NE NO. 1100. "
0054 PRINT
Ô Ô 56  p : " N T  " " 1 2 .  1 1 0 0  Y = S i r E I 2 + X  M : i*A "
0050 PE; I  NT
'.'060 .PF'IL'T "MR"' CONSl'iNTS pr-.F r.FFiNFD 7,.^  SUBROUTINE AT LINE m n n "
0210 PRINT
'''212 F" IN r "■'■'■' .PL Alfvr MT-i: BE '^ULE!".!".: xo.: ISO
0214 PRINT V  V BET! !EEN".; YO.; Y9
0216 PRINT " A BETWEEN".: AO.: " l " ; Ap
0 2 1 0  PEG N'T
0 " 2 0  'N':"U PL'rijr;-, ;n CONTINUE".'YJT
I-'■■•:•••;■ I 1 II:; .-.I..'-;-,
.• ■ " - ■ I •<<: I !!:• -, •
':LUO f'T.' ' -. : X ' -. - k -1 : ri-. k.. : -1 - ,  I - -I - .1. :+rx-M {: :4: j.).;.e; .4. ..... -p ,-ir'TTOM ' T'Z T
I0NJ-1 P':SNT "DO YOU HAM''- L IST OF OPTION'"";
0 :0 6  INPUT ’r‘.?
0 -0 0  I"-'- 1.- : 1 Î •! 0  ! A''UP 7000
OOlt! pxlMT .
U ' 12 .IF '"'S-':"-' " 1 ! {EM p r/N T  "PRESS PPOF }•:.P-Y Tft n  pap FRcrcr,,.
M ■ : n  r •: • T k rr >• m . ■ i r r ,-j «; . .
r- _ .%M ; r ,
' j  : 2 0 ' ■“"•■' ' . k.-l | ;l r-Cjj..! y K|pi r '
,0';:4T FR'Ii . lJ s :-“ V" THEN GOTO 035A 
0:4-6 : - T A1"G=! 23
0 :5 0  r '  NIC.!.. .ToiN oosuo oooo
0 :6 0  II H IT : .!._= "L" 'H:2N GOSUB 2100
0: 70 I'" PTC: : : "7" H'SH COSUO 2200
OSTi! 1" A.T'J. i.jT."S" THEN G0SU2 2300
7 :2 0  If- p-iNS'. I  .:--"A" '"MS!' '-‘ppJO 3H00
0-2 '! ! ' ;:'T 1 . '" '- '■ 1-:" in- .
0400 I"  I ' i > ; r > |  ;/M':;! M -
U 41! '' 1 p ’■ r • 1 • " r. " ’! HEN GCr S R P  3 0 0 0
0430 •'■■ ! : - [ ; i ;] ■' " C " THEN G'jSUB 6000
! :  2  i !“ ci^Li.- ■;. ] -■■-■ "M" THEN GC-SUi: 6100
0 - 1 3 6  I F  'T T 'O l . I 1 — u p  II THEM GO
. .  J ~ "0" THEM SUP 7000
0450 .! A - :"!E[ J "H" THEN GOSUB 7 0 00
U ’- S O  I; :-7 1 1 1 J •■ "E" THEf.: GO TO "iOO.Cj
• - ! j r .  1 CM, .
_ H 7 0  O L H O . 0 1 2
'■! :~-0 THE”! GOT'O •Zi ~j Z<‘Zi
0 :0 0  REM i- ! ‘•;:J;-^ ::|.-.-+ -.--r- .c-.j y Kj- '■ I*-! ESC.. PAUSE PLOT"! NO 1 STOP
rr, i .  J -  .
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RET!URN
1 iO'IjCi
L ! ci 
REM
10C2 ■ ET rp 00083 '
1002 LET 00003
LET
1006 LET V l=10000000
10’00 LET V:L~-8OO0U0O
.1010 LET 1. 6E--1?^:'"'1/W>.+ ( 35
■1 r-i -i LET Û2 1. 6É-19+V2/W  :• + '335
1014 LET X0=0 LL
LET 00.T.0
LET:X :8 ::(;i/Y 2 )-K R -D )X Y 1
LET Y. -  155
LET X 8=X ?/5
1018 LET
1020 LET R0=4 ■
1022 lE T A8=16
1024 LET H8=4
1025 LET Y8=Y?/4
1026 RETURN
108? REM
1100 LET M-:'A
1102 LET T-4"
1104 LET X1=P
'.'1106 1 PT I'l
1100 LET X3=D-KY1+T>
1110 LET X 4::N fD -’(V 2 * " )
1112 LET ;::5=D-f-vi+(T-':w /v2).'
1113 LET G1=0 6+X l. 'P) + (3. 105+ (
1144 LET G2='L 6+ X 2 /P ) + (3. 105+ (
1116 LET 03-'::. 6+X3/R  3. 1 0 5 * 0
1118 LET 0 4 = 0  6+X4/R::' + ':3. 105+(
1120 LET 0 5 = 0  6+X5/R  3. 105+'0
1122 LET 11= (0 1 -0 2 :'+ 0 2
1124 LET 12=': 01-03::'*01
1126 LET 13.- ( 0 3 -0 2  ::' +M+Q2
LET 14=': 04 -02 :'+ 0 2
1130 LET I5 = (G l-0 2 :'+ M + 0 2
1132 LET I6=(G l-05::'+M +02
1134 LET 51 = '. 11+12+13.:'+1000000
1136 LET 52=': 13 + 14:-'+1000000
1138 LET S3=( 14+15::' ''4000000
1140 LET 5 4 - I 6+1000000
USER DEFINED CONSTANTS
1142 IF  T>=0 THEN IF  ""O rW -'IP -D ) ) /Y 2  "HEN LET V=S1 
1144 IF  T:: (W -(R -D )::'/Y 2  THEN IF  T {= ':R -D ) /V i 1 HEN LET Y=S2 
1146 IF  T;>':R-D>/V1 th e n  i f  I'O W /VC  ■THEN L.ET Y=S3 
1142 IF  TMF-V2 THEN IF  T{=U'!.'V2) + ( R - D ) /Y i  THEN LET Y=S4 
■188? RETURr!
2000 F;EM ■' ■ >";n •[■' I F fT ft'J " MNIT'*
2010 PRINT
202G PRINT "PLEASE EN'rEP THE MINIMUM iWiD MAXIMUM VALUE OF X"
2022 PRINT "CURRENT VHLUES XU-^  XO.; "X8=’U X?.
207 0 INPUT XO, X8 
204 0 PRINT
2000 PRINT "-'LEPSE ENT ET: THE MINIMUM AND MAXIMUM VALUE OF Y"
2052 P RINT •'T ORRENT VALUES Y0=’'.! V0j " V^=" : Y;
2060 IMPOT ’. 0, Y?
2070 "ÔOSUE "04 0 ' .
._:10O F F H •k-V;; V v;.r- .TCy NÎND'lH  ^ Pl 'l'I--PP ItrFT’-,
2-17. "! iJ.'T ' 5 29++,:' '4 ‘'C'r* c TO".; UC.' " (X.- .V; 0 '! 0".: V8.: " «"Y < "
PFX IY' . ' " '
2140 PRINT ."PLEASE. ENTER rF.NIMUM AND MAXIMUM '..'AL.UP OF X" =
' i l 'L :  "LURÜLNr VALUES U0=".:UÛ:"J8='UU?:
2130 irr*uT uo, u? •
L134. zr U3: LET U8=IGX
LLlOi '"Hi NT
;:i7 0  PRINT " F LEASE ENTER MINIMUM AND MAXIMUM '"'SUE OF Y".
2 1 :2  O lIN T  "CURRENT . VALUES V0-'UvO="V3=:'UV9..
2180 INPUT '/g, V?
21C2 i r  V 0 (0  THEN LET . v :
2184 IF  VÛXYÜ THEN LET V8=Y8 :. ,
213Ô RETURN •
LLYÜ REM -4:.k.+.-r: k-K: : i ' -  ' T i ; k y -: i  C C T  I , ".  ;i" T. r  T ' f *  r > i t i r . ' > p M I T T p p  p
2 2 :0  (RRINT .............
.XEEO '"PINT " ' 'Mil'- RANEE OF VALUES FOR RRR:-!! 'E !-ER R DO YOU ::IS-i USE" "
22 1^'? RPIN'- "INPUT IF 'r iN L  PrlD FINOL VALUE AND STFr:' s iZ E ":
_2<2 PRZF^T "CURRENT VALUES .90= " /AO.. "99=".; A3.: "98=".. ASM
T . ' p t ? T  ,VPH C O  p p
2 LEO prTMRK-
2 TOO RRT i'I ■*•■•*■ y;>::--::4;p.+:;!;;J.> ;>S:-.l-:+:>;:;+::4-..+;;J. | ;l ;.!.;;4;;.,-::.;:+: CrrT Kji PT r 1 '.Tp C 7 Cp •TT'?P T*-,
221.0 PRINT
2220 P';'U;T 'T'i ro ss  EPM'E- +RF RLOTTINC ETE":' S IZE H! X ':':U"'1^NT '.T'ONR 
222L' LN^l!! / F
J ' 0 A ! " i  p C t . -  : •■' i ';7 : i . S  I - y :  y. r. i ' j - y • : : p r  T p ' i . j  i -  r^. r  r . C  T “ ' C
!-.-r- T r.rr
2020 r:.pp;T ""F.F':::SE EN+E- T!-^ E ERIE SIZE FOR y:
2 0 :0  ,UFMJ" ;N' ^0 
'-’O . R2~ U!
llO O  F\C 7--+ I I ■■<■■•■>: I  J  : 4. I J  : ,J - :  : k . ;.k ;4. i . i-y:  - -j. . t - y  - ;,  7 . : .  . : -I r . p -  p :  I ,T p  i r .  , . C  T  ! p O y f - :
7 '  ]_ l ' . ÿ  ■: I I .'.I c '  :  - : . i
■■ ■ 1 7 :  r r p p .  - T f  i - ' o . , . '  - - ' r r r  ' v o
31 I"0 r  r . \. '_'o
" O  : r  -V I • . • O  '. 0 0
r-- r p v  •.■■ • r-i *'o .: . '■':• ,.*o ■— irp  '_*■:>
72^ 111 nr:r;|r. Otpp
•; . •■•'. , » IT7  • • -r  ; I
r., :\ ,r.
3 3 RO REM ’ - 4 :i M r-C'-f ' fir-; Tf - | p; f"; 7 !
‘ 3 02 f'RTNT-
3338 NUMERU: ‘.•PLUES";
3-1.0 LET U=U-2+E2
_ 3RP LF" V-E’ ' E-’ • ■ ■
3222 IF  ' .0=:Xx THEN LE+ U U-Ei'
3 3'2E OÛSO0  ôÀ:"n
r-
IF ::PS(Y321E"3':' -ME^i'LE" Y^O
:  I "
:244
1  _4E
LET
,  L . " V
QOS!
Ô400
ME/iT 
GO sue 
■PE"U"' 
REM
C401 LET S:
2402 LET T'
LET F'
C404 IF  :08
3406 IF  VC
3408 IF  NO
IF  YO:
I F ,F8
: 414
3500 PRINT
3502 PRINT
3504 PR I.NT
“•Rir.r'-
350c INPUT
3520 PETUP!
4000 - REM '■■•
4010 PRINT
4020 PRINT
4020 I NP'J'^
4040 f=’PINT
4 050
1020 ■ G'Tp ,'C
c i  ' I - ? '  4 p - T  I j p
500C P::M •+■■
5002 . ■ G0SUB
5004 GOSUP
" O R  A
5020 LET
5030 G OS
5032 GOS'
504 0
5050 . Gi
5070 NEX
50'30 NLiLT
5000 PC !  UP
6000 REM
2010 r - ' C -  I  t -
6020 P R  1 NT
}■ I  r ;  1
EOE'P r . - ' p  T  f  ( T
0070 c - n - 1  ► , ! i -
6072 PRINT
6074 PRINT
6080 STOP
6000 RETURi
6100 REM + ' :
6104 PRINT
6106 PR IN "
!''.RI.N r
6110 PRINT
6112 • PPir.!T
6114 PRINT
STOP
6118 GOSUB
p Q T I  ! C ' <
-  101 -
■ I  '  ■■ ■ ■ I
'7 I i_! ' V 0 58
V = Y -E 9 /2
I  "SPECIFY YC'UP FUNCTION AS A SUBROUTINE STARTING AT LINE NO. lOGT:
T ; . ■•T* T' * *1 - •• • 1. - •-1. .1. • 1. .1 . . .’f. .« f . «1". .f. «'f. .V. •*• • .f. 01011 C‘L
G 2 U  -; ' GOSUB 0700
6210 PRIN+
6220 PR IN - "PLOTTER X U:SEP COOpf.'I'IATES "
PR I NI U.: V, X, Y
'22+0 RET'.'P”.1
7000 REM +"■; T-M r+; :+:;.k . j.- W:+:.•f : :+: .4: :fr+: ;4::+;+ * *  OPTION L I SI7002 c o s t  Ip 0050 •
7004 PRINT
7010 PRINT • • ;+: :+: : H :+• :+: ;+. k::+::-k;. OPTION L Ib T ::+:*:+x+::.l"K +:
7020 PRINT
7022 PRINT "TYPE FIRST *_ET""ER OF OPTION REOUIR ED"
7024 PRINT
7030 PRINT "WINDOW _ _ _ SETS WINDOW :N USER COOF(DINATES"
7040 PRINT "LOCATION — — SETS PLOT LOCATION IN  PLOTTER UNITS"7050 PRINT "FUNCTION.---- — - DEFINES FUNCTION AS Rfi FALGORITHM7060 PRINT "RANGE -----------— - SETS RANGE OF PARAMETER A"
7070 PRINT "STEF" ---------------------------------— ■— SETS .PLOTTING STEP SIZE IN X"
7080 PRINT "GRID --------------------------------------------- SETS SIZE OF GRID"
":'RINT "M O D IF Y -— — .• *— CHANGE ANY GRAPHICS PART'METER "
7000 PRINT ------------ DRAWS GRID & AXES"
7100 PRINT "TEXT ---------------------------------------------- ENABLES TEXT TO BE WRITTEN"
7110 . PRINT PLOTS GRAPHS"
7112 PRINT " D IG I" !SE — INPUT COORDINATES "
7120 PRINT "OPTION - ------ - ------------ REPEATS OPTION L IST
7130 PRINT " W P j _ p ----------------------------------— REPEATS OPTION L IST
7140 PRINT -— lERM!NATES PROGRAM"
7150 RETURN
0000 REM +••*++++ GRAPHICS : +++++ TEKTRONIX GRAF'HICS SUBROU"'INES ':2 7 /0 .'78  )
0002 REM :1 • ; k :+: -f; : •+; ; j.; y. ;f ; ; ;f : :k :+; :+; :+; :f: :J.; :+; :ÿ ; ;t; :+: ;+. :+ :+• : i ; : ;4: IN IT IH L IZ A TION0004 ' GOSUB 05*50
0006 REM ++ :+: :+: :■ •; :::f. DEMENSION GRAPHICS STRJ MGS. SET CHARACTER :SIZE
0008 DIM 0$ [ 0 6 ] ,  T$ l:80], w! f [0 ]
0010 REM U':lMAX), Y (MAX), CMARACTER SIZE 4::+::+:.+:+::.»:-k:-f--f::+;:kr:+::+;:4r ;+: ;+: ;4: ;4: ;4r 4• : .•+: r+: ;+: :+: >f : :+• ;+r ; :4::4:
SOIS
001?
0018
0012 PERD IIP.. Y8, EO
0014 DATA 1023, 780/ 14
LET Û l=" 'CjYTFTXi?-'; >++, /012345679O : , <=:>?"
LET 01=0$, "0ABCDEFÛHI TKLMNOPORSTUVNXYZC' J t . ' '
l-ET ü l =U$, " .■”-'l-'7.><lOo?CO9><100I><lËilj>7'l02O'110:: 71047L10R 1 0 F "> "
O0c:0 LET L'.?=U$, "Lllc7"Lll0><12GL><1211><122><123:><124><125>612b><127ï "
■= i'-tifi LL’L.RTI UN I NL'Ul'-l, USER l'ilNDul*!, X—oTEF', XV“GF:ID, R~F!PNGE
0024 PEAT' U0, V0, ÜO, VÔ, T:0, V0, XO, VO, X7, X8, yp. RP. R8. pc-
0026 DATA 100.. 25.. 1000.. 600, G, 0, 10, 10, . 2, 2.. 2 ,1 ,  2.. 1
0040 REM :T:*4:4:M::+:>k:+:**4:*:+::+::+:^ ::+::+::+:4:4::+::+: SCALE FACTORS IN PLOTTER HNTTS/I'PCR HNITP 
0042 l e t  oO=ABS'.: (U O -U 0)/(X O -X 0::')
0044 LET “ ?=RBS'-:':;V?-V0>/''V8-VR-> >
0046 RETURN
0050 REM CLEARS SCREEN X SETS HL PHA M‘'DE
0052 PR I N I ‘'<27><12>
0056 RETURN
0060 REM :| PETS APRP’HTC MPPE
0062 PRINT "<20::..: "
0064 RETURN
0070 REM +'^ ++**++:+:+::+++1:+::+::+:++:+:.:>::+:+:+::+.:+::+::+::+::+::+:H:M::,. gETS ALPHA MODE .F HOME
0072 LET U=0
0074 ■ LET '.'=V8
0076 GOSUB 0150
0078 PRINT "<3i:>":
0070 RETURN
. J i - i O C  C -C M  C . , j l  iC .C . ._ C U C T J . .Ü C ü  JZ _ _
   - l83   ' "’-’-u; : riiL.,
0084 RETURN . .
0000 REM 4::+:4:+:4:;.:+:+::4:4r*4::+:4::+:4::+:4::+:**:+:4::+:: 4:4:+*:^  N0 CONTINUE AVAILABLE 
8094 RETURN
8100 REM MOVE PEN TO %, V
9102 . PRINT "<29>";
9104 GOSUB 9300
9106 RETURN
9150 REM 4::+::+::.^ ::+::^ ::+::4::+::+::+::+::+::+::+::+::+::i:4::+:H-:>N4:4:*4:H<4: MO'"'E PEN TO | I.
9152 PRINT ’'< 2 9 > ‘U
9154 GOSUB 9350
9156 RETURN
9200 REM +'+'+:+'‘-"-'-"+:+-+:+”’+”++:+”t:+:i:.v;:+:;+:;+:;+;:+;;+:;+; QP|ÿj_.^  VECT'OR TO %' Y
9202 GOSUB 9300 '
9206 RETURN
9250 REM +*;++X+^--H”+ + -+:H::4:;+::+::|:>hk+;>f::+;:4::+::4;:+::+: VE'" T'+R TO II.'"'
9252 GOSUB 9350 '
9256 RETURN
9300 REM :+::+::+::+:4:H::k:f:4::+::+::+::+:4::+:4::+::+:Y::::+:4: J:!, V JQ IJ- V CON'vERSlON
9302 LET U=( X -X 0 )+S9+.5+U0
9304 LET V=(Y-V0>+T9+. 5+V0
9 :5 0
9352 IF  U>U8 ‘"HEN LET U=U8
9354 IF  U60 THEN LET U=0
9356 IF  \C+-'8 THEN LET V=V8
9359 IF  V60 THEN LET V=0
9360 LET N9=:NT': V / 3 2 ) - l
PRINT 0$[N 9 , N93;
936+ LET n9=V -32 *N9+97
9366 PRINT OTCM?, N91;
9368 LET N9=IN'P. U .'32:'+ l
9330.. PRINT O f[N 9 ,  N 9j;
9372- LET H9=U-32 +N9+65
9374 PRINT Of[W9 H93;
9376 LET N=N+1
IF  N=15+INT •:N/’15> th en  GOSUB
9380 RETURN •
9400 REM : :4 :4 :  ••+ :+ : f :  :+: :-f : :+: :+: :4: :+:
9402 PRINT " 6 3 1 >
9404 GOSUB 9150
9+06 RETURN
9500 RE M *'■ + :+; ;+• ;+: :+: :4; ;+; p  p ,  J  ^
9504 GOSUB 9100
9506 PRINT "631> T f
9510
'Z iC -c r ,- : ,
RETURN
_ 'U RE M
9554 GOSUB 9150
9556 PRINT "6 3 l> ' T f
9560 RETURN
9600 REM *+  +
9602 GOSUB 9100
9604 PRINT " < 3 l> ' T6
9606
Q lT cr
RETURN
Ktl'l •++-i-t'+-+.
9652 GOSUB 9150
9654 PRINT "631 > ";T 6
9656
•t) —jJiiTy
RETURN
9701 LET W f=""
9702 ■ PRINT
9704 PRINT "MO'-'E CURSOR L THEN PRET
9706 INPUT " 6 2 7 X :26:>'L H f '
9710 IF  LENCM f)C :5 th e n  pPINT "610:
Q 7 - 1  :*• icr 1 FN, !.l.f'X: : : 5 _ T y C j J _ Q g _ T j : L _ . ' P 3 . M P  -
:++++ D IG IT IS E
: 'V
9716 LET 19=2
9710 GOSUB 9750
9720 LET 0=32+19
9722 LET 19=3
9724 GOSUB 9750
9726 LET U=U+I9 ■
9728 LET 19=4 ■
9730 GOSUB 9750
9732 LET V = 32+ I9
9734 LET 19=5
9736 GOSUB 9750
9738 LET V=V+I9
9742 LET X=(U -U 0
9744. LET Y = (V -V 0
9746 RETURN
9750 REM
9754 FOR I 3=1 TO
9756 IF  Wf [ 19.. .
9758 LET 19= IS ­
9760 LET 18=32
9762 NEXT IS
976.4 RETURN
QQQQ END
:+ CONVERSION OF STRING TO A NUMERICAL VALUE
